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ABSTRACT 
The goal of this work is to better understand why it is easier for some than others 
to understand an in-front target talker presented amid two spatially-distributed interfering 
talkers. Speech reception thresholds (SRTs) of young listeners (normal-hearing and 
hearing-impaired) were measured, with the maskers arranged in the following spatial 
configurations: 1) "colocated", both in-front, 2) "symmetric", at± 60° azimuth, and 3) 
"anti-symmetric", both at either +60°, or -60°, azimuth. SRTs were measured both 
binaurally and monaurally, with monaural stimuli presented to the "better-ear." Binaural 
benefits were calculated as the decrease in threshold when the second ear was added to 
the better-ear. Sensitivity to interaural time differences, interaural level differences and 
interaural cross-correlation were measured in the same listeners, using narrow-band 
noises centered at a low frequency (500Hz) and at a high frequency (2 or 4kHz). Large 
inter-subject differences were found for both listener groups among both interaural 
difference sensitivity thresholds and binaural benefits for the spatially-separated 
conditions. No correlations, for either of the listener groups, were observed between 
symmetric binaural benefit and any of the interaural difference sensitivity measures. 
Anti-symmetric binaural benefit significantly correlated with interaural difference 
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sensitivity for many of the tasks, both for the normal-hearing group and among the set of 
hearing-impaired listeners with severe-amd-less hearing-loss. SRTs were predicted using 
the short-time Equalization-Cancellation (EC) model, in which two types of parameters 
were varied: first, the standard deviations of time-and intensity-jitters at the inputs of the 
binaural processing mechanism (analogous to changes in interaural sensitivity) and 
second, the temporal window in the binaural processing mechanism (affecting benefit 
from short-time binaural advantages). EC-window length was most important for 
predicting changes in symmetric SRTs. Changes in jitter standard deviations were most 
important for predicting changes in anti-symmetric SRTs. These results suggest some 
key differences in the mechanisms related to individual differences for the two speech-
masker conditions. Both interaural difference sensitivity and a mechanism suggested by 
the importance of the EC-window length might be important for the symmetric condition, 
while interaural difference sensitivity is a key factor for the anti-symmetric condition. 
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Chapter 1 
Introduction and structure of the document 
1.1. Introduction 
Speech communication often takes place amid spatially-distributed interferers 
("cocktail party problem", Cherry, 1953). Speech interferers can be problematic for 
normal-hearing listeners (e.g., Ruggles et al., 2011), and tend to be especially 
problematic for hearing-impaired listeners (e.g., Carr, 201 0). In this thesis, we hope to 
obtain a better understanding of the mechanisms related to the observation that some 
listeners have an easier time than others in listening tasks amid spatially-distributed 
speech maskers. To do so, we first test the hypothesis that those who perform better in 
speech intelligibility tasks amid spatially-separated speech maskers also perform better in 
tasks measuring interaural difference sensitivity thresholds using narrow-band noises. 
Then, we use a computational approach to see how predicted speech intelligibility 
performance changes for the different spatial arrangements as certain modeling 
parameters are varied. The modeling parameters in the first set are varied to simulate 
better or poorer interaural difference sensitivity. The modeling parameters in the second 
set are related to the variation in the location of the better-ear throughout the sentence in 
the symmetric condition, but not in the anti-symmetric condition. These parameters 
control the extent to which time resolution of the binaural processing dynamics of the 
model can follow the stimulus dynamics, testing the hypothesis that the symmetric 
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condition is the only of the two conditions that is sensitive to these temporal restrictions 
in the processing of the model. 
This thesis is organized into three manuscripts that we think may be appropriate 
to submit, separately or sequentially, for publication. These are Chapters 2, 3 and 4. 
This introductory chapter presents basic background that is designed for a more general 
. 
audience, followed by an explicit listing of the Specific Aims of the dissertation. 
1.2 Background 
The background section describes the effects of source separation from midline in 
azimuth. Then, some experimental and theoretical approaches that can be applied to 
understanding why some perform better than others in masked speech intelligibility 
conditions are described, in order to set up the experiments of this thesis. 
1.2.1 Effects of source spatial separation 
The sounds heard at the ears depend on both the sound source and the acoustic 
environment. The effect of the environment is characterized by a frequency-domain 
signal at the eardrum called the head-related transfer function (HRTF). For the sound 
source coming from straight in front of a symmetric head, the HR TFs are the same at the 
two ears. However, when a source originates from off-center in azimuth, the HRTFs 
differ at the two ears, and there are interaural differences. First, the phase profiles of the 
waveform reaching the left ear differ from that of the right ear. As a result, there are 
time-dependent interaural time differences (ITDs) between the two waveforms at the 
ears. Second, interaural level differences (ILDs) occur as the result of acoustic head-
2 
shadowing. The ITDs and ILDs which arise at the ears are both functions of frequency, 
and both depend on source angle relative to the front of the head. In humans, it is thought 
that the neural firings are sensitive to the phase of tonal stimuli at low frequencies but not 
at high frequencies, resulting in low-frequency lTD sensitivity being related to fine-
structure phase-locking in the low but not in high frequencies (e.g., Klumpp and Eady, 
1956; Zwislocki and Feldman, 1956). ILDs increase with frequency, due to the effects of 
head-shadowing increasing with decreasing wavelength. It is well known that sensitivity 
to interaural differences enables listeners to localize sounds (as discussed by Wightman 
and Kistler, 1992). In addition to resulting in ILDs, frequency-dependent head-
shadowing can also be thought of as resulting in an acoustically better-ear at the ear 
contralateral to the off-center masker source. 
1.2.2 Experimental studies-interaural difference sensitivity measurements 
Interaural difference sensitivity thresholds have been measured in two primary 
types of tasks. The first type of task measures sensitivity to ongoing ITDs or ILDs in 
controlled experiments which are constant over time (time-invariant) (e.g., Hawkins and 
Wightman, 1980; Buus eta/., 1984; Smoski and Trahiotis 1985; Koehnke et al., 1986; 
Kinkel 1990; Gabriel et al., 1992; Koehnke et al., 1995; Smith-Olinde et al., 1998; 
Hawley, 2000). The second type of task measures sensitivity to interaural differences in 
controlled experiments in tasks in which the interaural differences vary with time. 
Studies of this type include NoSn detection tasks (e.g., Koehnke et al., 1986; Gabriel et 
al., 1992; Koehnke et al., 1995; Hawley, 2000; Strelcyk and Dau, 2009), as well as 
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interaural cross-correlation (ICC) discrimination tasks (Pollack and Trittipoe, 1959a,b; 
Colburn and Gabriel, 1981; Koehnke et al., 1986; Kinkel 1990; Gabriel et al., 1992; 
Koehnke et al., 1995). Both types of tasks were conducted in this thesis, as described in 
detail in Chapter 2. 
1.2.3 Experimental studies-SRT measurements 
Speech reception threshold (SRT) studies have been done with different types of 
maskers, including random noise, speech, reversed speech and others. Experiments with 
speech maskers include most of the factors that are important for human listeners and are 
the focus of the current study. An approach to better understanding the factors related to 
speech intelligibility amid speech maskers is to measure SRTs in target-to-masker {TIM) 
ratio at threshold, as characteristics of the different sources are varied. Studies using this 
approach have explored the effects of speech understanding on the number of masking 
sources (e.g., Hawley et al., 2004), the similarity between the target and maskers 
(Hawley et al., 1999; Noble and Perrett, 2002; Carr, 2010; Kidd et al., 2010), and the 
spatial configuration of the sources (eg, Peissig and Kollmeier, 1997; Carr, 2010). In 
particular, similarity of target and maskers is of critical importance. Interfering speech 
sounds pose different challenges to listeners than environmental noises. Not only do they 
obstruct the target at the cochlea, giving rise to "energetic masking", (EM), but they also 
distract and cause confusions for the listener ("informational masking", IM, reviewed by 
Kidd et al., 2008). IM increases with both similarity in target/masker voice 
characteristics and uncertainty as to which source is the target. 
4 
Spatial configuration is another important variable affecting speech reception in_ 
the presence of speech maskers. Much of the dependence of spatial configuration can be 
captured by measuring SR Ts with the target masked by two speech maskers. An 
overview of the dependence of masker azimuthal angle on measured SR Ts in the 
presence of speech maskers is given by Peissig and Kollmeier (1997). For the two-
masker case, there are three specific spatial configurations that capture many of the trends 
of spatial dependence of masker position. In the first condition, ("colocated") (e.g., 
Marrone et al., 2008a; Marrone et al.., 2008b; Carr, 2010), the in-front target is 
accompanied by in-front maskers. In the second condition ("symmetric"), one masker is 
on either side. In the third condition ("anti-symmetric"), both maskers are on the same 
side. To characterize the extent to which the listeners benefit from monaural, better-ear 
listening as a result of spatial separation, researchers have presented stimuli to listeners in 
the spatially separated configurations, but only monaurally to the better ear (Hawley et 
al., 2004; Marrone et al., 2008a). More information about these studies is given in 
Chapter 3, where SRTs for a set oflisteners are measured. 
1.2.4 Mathematical models 
A series of mathematical models have been developed to better elucidate which 
factors affect predicted SRTs in different spatial configurations. Some models 
incorporated aspects of monaural processing, some incorporated aspects of binaural 
processing, and others incorporated aspects ofboth. 
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The articulation index, a monaural processing-based measure to predict 
intelligibility, was first proposed by French and Steinberg (1947). In the articulation 
index, it is assumed that information in each frequency band contributes independently to 
speech perception, and that the intelligibility contribution of an individual frequency band 
is determined by its signal-to-noise ratio (SNR). Because it is assumed that the speech 
material in some frequency bands is more important than in other bands, the speech 
material in each frequency band is weighted by a band-importance function. After 
several modifications, the articulation index evolved into a method known as the speech 
intelligibility index (SII, ANSI, 1997), which has been used in a number of different 
modeling studies. Another example of a monaural perceptual model of speech 
intelligibility is the speech transmission index (STI), which was developed by Steeneken 
and Houtgast (1980). The STI, designed to deal with the effects of echoes and 
reverberations, operates on the modulation spectrum of speech. 
Two broad types of binaural models have been employed in predicting SR Ts 
measured amid speech maskers. The first type of model is based on the concept of 
"suppression", in which the binaural system improves target-to-masker ratio by 
processing the binaural signals to reduce the strength of the maskers ("steering the null"). 
A model based on suppression is the Equalization-Cancellation (EC) model, developed 
by Durlach (1963, 1966, 1972) and recently modified for short-time processing (the 
short-time EC or STEC model) by Wan (2011). The second type of model is based on 
the concept of "enhancement" of the target. In this case, instead of reducing the strength 
of the maskers, the model instead acts to enhance the strength of the target ("steering the 
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beam"). Related to the concept of enhancement, a series of modeling studies (e.g., 
Bodden et al., 1993; Bodden et al., 1996; Roman et al .. , 2003; Wan, 2011) used 
interaural differences of the target and maskers to create "masks" through which the 
target was emphasized. More information about these studies is given in Chapter 4, 
where various versions of the STEC model are used to predict human performance in 
different speech intelligibility tasks. 
1.3 Specific Aims 
Specific Aim 1: Measure interaural difference sensitivity thresholds 
Interaural difference sensitivity thresholds are measured for interaural time delay 
(lTD), interaurallevel difference (ILD) and interaural cross-correlation coefficient (ICC) 
in a common set of listeners. Interaural difference sensitivity thresholds are measured 
both at low frequency and at high frequency in a listener group consisting of normal-
hearing listeners and hearing-impaired listeners. Listeners were selected to be less than 
40 years old with one older listener who was chosen because of his experience in similar 
studies, particularly in studies measuring JNDs in the same exact interaural difference 
sensitivity tasks. In the hearing-impaired group, all listeners (except for an author of the 
study who had a hearing-impairment) had bilaterally-symmetric losses. Losses of the 
hearing-impaired listeners varied from mild to profound. 
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Specific Aim 2: Measure speech reception thresholds in several spatial 
arrangements 
Speech intelligibility performance thresholds are measured in the same set of 
listeners as used in Aim 1. Specifically, SRTs were measured using the Coordinate 
Response Measure (CRM) corpus for both the target and maskers. The spatial 
arrangements of the two maskers included the symmetric and anti-symmetric 
configurations. Some of the voice cues that may separate target and maskers were 
removed by using sentences with pitch contours monotonized to a fundamental frequency 
of 100Hz (Carr, 2010), for both target and maskers. All stimuli are presented virtually to 
the listeners using head-related transfer functions. 
Specific Aim 3: Calculate the benefits from masker spatial separation 
Monaural, better-ear speech intelligibility performance measurements allowed for 
the monaural component of total benefits (relative to colocated) to be determined. The 
binaural benefit for the spatially-separated condition was calculated as the difference 
between monaural and binaural thresholds, i.e. , thresholds measured using only one or 
using both ears. 
Specific Aim 4: Explore correlations between different measurements 
The extent to which basic binaural sensitivity thresholds measured in Aim 1 correlate 
with speech intelligibility thresholds measured in Aim 2 is assessed. Furthermore, the 
extent to which basic binaural sensitivity thresholds measured in Aim 1 correlate with 
total benefits and binaural benefits calculated in Aim 3 is explored. 
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Specific Aim 5: Evaluate the short-time equalization-cancellation (STEC) 
model to predict binaural benefit in speech 
The extent to which speech reception thresholds (SRTs) can be predicted in the 
symmetric and anti-symmetric configurations is explored using the STEC model of Wan 
(2011). Specifically, two primary modeling variables are assessed. The first is the extent 
to which the inputs to the EC operation are jittered in time and in intensity. Higher jitter 
standard deviation is analogous to poorer binaural sensitivity. The second is the duration 
of the short-time window in the binaural processor. A shorter window allows for the EC 
parameters to be selected more frequently. 
1.4 Organization of document 
The results of Specific Aim 1, measunng interaural difference sensitivity 
thresholds, are presented in Chapter 2, which is to be submitted as a manuscript. The 
results of Specific Aim 2 (measuring speech reception thresholds), Specific Aim 3 
(calculating benefits) and Specific Aim 4 (exploring correlations) are described in 
Chapter 3, to be submitted as a second manuscript. Finally, the STEC model is used to 
predict SRTs measured in different spatial configurations. The results of the STEC 
model simulations are described in Chapter 4, to be submitted in a third manuscript. 
Finally, conclusions of the overall study and recommendations for future work are given 
in Chapter 5. Note that some information about subjects from Chapter 2 was duplicated 
into Chapter 3, to optimize the clarity of Chapter 3. 
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Chapter 2 
Measuring interaural difference sensitivity thresholds 
Abstract: In this study, just-noticeable differences (JNDs) in interaural time delay (lTD), 
interaural level difference (ILD) and interaural cross-correlation coefficient (ICC) were 
measured at low frequency and at high frequency in a group of 21 highly-trained 
listeners, 10 with normal hearing (NH) and 11 with hearing impairments (HI). Adaptive 
thresholds were measured until the listeners were highly-trained, and adaptive track 
variability was reported. Just-noticeable differences varied widely among subjects of 
both groups, in all tasks. No significant differences were found between NH and HI 
group medians in any of the tasks for which the group medians were compared (i.e., all 
tasks except for 4-kHz lTD). Consistent with previous studies, JNDs could not be 
predicted from hearing loss at the frequency of the task, or from average hearing loss. 
Interaural time delay JNDs were significantly correlated across frequency, and so were 
ILD JNDs, for both subject groups. Interaural cross-correlation JNDs were significantly 
correlated across frequency for the NH group but not for the HI group. Interaural time 
delay JNDs were significantly correlated with ILD JNDs, for most tasks. Performances 
in the ICC tasks were always significantly correlated with performances in the lTD and 
ILD tasks for the NH group, but not always for the HI group. The data from the current 
study suggest that, for highly-trained listeners, some of what can be concluded by 
measuring time-invariant interaural difference thresholds (e.g., lTD and ILD JNDs) in 
many tasks can be concluded by measunng time-invariant interaural difference 
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performance thresholds in fewer tasks. The data suggest that whether HI listeners are 
good or poor ICC performers cannot be predicted by measuring lTD and ILD sensitivity 
thresholds in the same listeners, and that whether the HI listener is a good or poor ICC 
performer at a particular frequency-band cannot be predicted by measuring performance 
thresholds at a different frequency-band. 
2.1 Introduction 
Sensitivity to interaural differences is important to everyday listening tasks 
ranging from sound-localization to speech intelligibility in complex environments. 
Improved binaural hearing measurement regimens would help in better characterizing the 
extent to which listeners have degraded binaural hearing abilities (reviewed for HI 
listeners by Durlach et al., 1981) as compared to normal, and help clinicians and 
scientists in tailoring processing schemes for various kinds of auditory aids and prosthesis 
to the listeners' individual needs, so that the listeners can perform optimally in everyday 
settings. 
To quantify the extent to which listeners are sensitive to interaural differences, 
efforts have been made to measure sensitivity to time-invariant interaural time delay 
(lTD) and to time-invariant ILDs (e.g., Hawkins and Wightman, 1980; Smoski and 
Trahiotis 1985; Koehnke et al., 1986; Kinkel 1990; Gabriel et al., 1992; Holube, 1993; 
Koehnke et al., 1995; Smith-Olinde et al., 1998; Hawley, 2000), and to time-varying 
interaural differences (varying both in time and in level), measured in tasks such as NoSn 
detection (e.g., Koehnke et al., 1986; Gabriel et al., 1992; Koehnke et al., 1995; Hawley, 
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2000; Strelcyk and Dau, 2009), and interaural cross-correlation (ICC) discrimination 
(e.g., Koehnk:e et al., 1986; Kinkel, 1990; Colburn and Gabriel, 1991; Gabriel et al., 
1992; Holube, 1993; Koehnk:e et al., 1995), using noises centered at various frequencies. 
The consensus among the studies is that just-noticeable differences (JNDs) differ largely 
among individuals, and cannot be predicted by pure-tone audiogram measures. 
In spite of the efforts made to measure binaural hearing abilities in human 
listeners, it is not clear how to best do so, as relevant to everyday hearing. Ideally, the 
measurements would be carried out in a way as to yield information that is 
comprehensive and yet not redundant. The rank-order of sensitivity among listeners to 
stationary or slowly-varying interaural differences has been shown to differ from that of 
sensitivity to rapidly-varying interaural differences (Grantham and Wightman, 1978), 
suggesting that independent information is added by measuring performances in each of 
the two different kinds of tasks. Another question is whether independent information is 
added for a task by measuring performance thresholds in each new frequency-band. The 
problem of determining how to measure binaural abilities is compounded by the ebb and 
flow of listener effort and concentration throughout individual adaptive tracks, and over 
the course of multiple tracks. 
While hearing impairments may result in degraded sensitivity to interaural 
differences through either peripheral or central mechanisms (Colburn and Trahiotis, 
1991; Gabriel et al., 1992), the challenge of determining whether an HI listener's 
interaural difference sensitivity was actually degraded as a result of the impairment is 
compounded by a couple of factors. First, it is unclear how to define "normal" binaural 
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hearing. For the example of lTD sensitivity at 500 Hz, some studies (Koehnke et al., 
1986; Bernstein et al., 1998) suggest that normal-hearing (NH) interaural difference 
sensitivity can differ from listener-to-listener, while others (e.g., Hawkins and Wightman, 
1980; Gabriel et al., 1992; Smith-Olinde et al., 1998) reported that all NH listeners were 
all able to do the task similarly well. Performance variability for NH listeners in various 
kinds of tasks has been a recent topic of discussion (Ruggles et al., 2011 and Shamma, 
2011), and poor performance thresholds for some listeners could even be the result of 
''hidden impairments", such as related to temporary threshold-shift (ITS), as discussed 
by Kujawa and Liberman (2009). A second difficulty in comparing NH to HI 
performance is that interaural difference sensitivity thresholds depend on stimulus level 
(e.g., Hausler et al. , 1983) for both NH and HI listeners. 
To address some of the issues, the current study gathered medium-sized cohorts 
of young NH and HI listeners and measured interaural difference sensitivity thresholds in 
lTD, ILD and ICC tasks with narrow-band noises centered at 500Hz and at 4kHz. In 
attempt to measure stable performance in the HI listeners, medium-high targeted levels 
were used based-on prior knowledge that listeners with unilateral, 45-60 dB losses would 
hear a 65 dB tone in the normal ear about as loud as an 80 dB tone in the impaired ear 
(Moore BCJ et al., 1985). We compare current-study thresholds to previous-study 
thresholds and address questions of whether thresholds in a task significantly correlate 
with hearing loss, significantly correlate across frequency bands, or significantly correlate 
with thresholds measured in other tasks. The various questions were explored separately 
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for NH and HI listeners, due to the possibility that different factors might affect 
performance thresholds for these listeners. 
2.2 Methods 
2.2.1 Listeners 
There were ten NH listeners and eleven HI listeners in the current study. All 
listeners had English as their primary language. All listeners were paid for their 
participation, except for HIIO (one of the authors of this study). 
Normal-Hearing Listeners 
Four male and six female NH listeners participated. Subjects were screened prior 
to experiments to ensure that their pure-tone thresholds were in the normal range (no 
greater than 20 dB HL) for octave frequencies between 250 and 8000Hz. Ages ranged 
from 19-29 years old at the time of testing (mean age was 23 years old). None of the NH 
subjects had prior experience in psychophysical listening tasks. 
Hearing-Impaired Listeners 
Audiometric thresholds, ages and genders of the HI listeners are plotted in Fig. 
2.1. Hearing impairments varied from mild to severe. All subjects, except for Hll 0, 
had audiograms that were left/right symmetric, defined as mean thresholds of within 5 dB 
(between 250Hz and 8kHz). All HI listeners, except for HI9, were less than 40 years 
old, at the time of study. Subjects Hil-Hil 0 had all been parts of psychophysical-based 
listening tasks for other studies. Hearing-impaired subject 9 was chosen, in particular, 
due to extensive experience in psychophysical-based listening tasks including binaural 
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JND experiments the same as those of the current study, allowing for comparison to 
previously-measured data. For all subjects, sensorineural hearing loss was confirmed via 
the lack of an air-bone gap. Further details regarding subject etiology (if known), 








FIG. 2.1: Audiograms of hearing-impaired subjects. Hearing loss as a function of 
frequency plotted with right ear plotted in "o", left ear plotted in ''x". Subject 
numbers are in lower left. Subjects are arranged by average hearing loss. Subject age 
and gender is in upper right of each panel. 
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2.2.2 General Measurement Procedures 
Interaural difference JNDs were measured in three separate tasks: lTD JND, ILD 
JND and ICC JND. Performance in each task was measured at both low frequency and at 
high frequency. Low-frequency JNDs were measured at 500 Hz, and high-frequency 
measurements were conducted at 4 kHz, by default. These default frequencies were also 
chosen because one is clearly below the transition for phase-locking to pure tones, and 
the other is clearly above that transition (e.g., Brughera et al., 2013), and also chosen 
because they allow for convenient comparison to thresholds measured in other studies 
(e.g., Koehnke et al., 1986; Gabriel et al., 1992; Koehnke et al., 1995; Hawley, 2000). 
Due to the shapes of HI audiograms, performance was sometimes difficult to measure at 
4 kHz. To cifcumvent this issue, performance was measured at 2 kHz instead of at 4 kHz, 
when possible. For some listeners, performance was not measurable at either 2kHz or at 
4kHz, due to either equipment-related limitations or discomfort threshold limitations. 
The JNDs were measured using a four-interval, two-alternative-forced-choice 
paradigm, in which the reference signals were diotic, Gaussian noise waveforms with 
1/3-octave bandwidths. The task of the subject was to determine which interval (either 
the second or the third) was the "target" interval that contained the interaural differences. 
The noises were 300 ms long, with 15-ms linear rise/fall times. Inter-stimulus intervals 
were 500 ms long. After each trial, subjects received correct/incorrect feedback 
regarding the answer that they had chosen. Stimuli were created digitally using the 
MA TLAB random number generator and then filtered to a particular narrow-band region 
in the frequency domain using a brick-wall, band-pass filter. These 16-bit stimuli were 
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digitally amplified, then converted to analog signals with a 50 kHz sampling rate using 
the System II (Tucker-Davis Technologies, Alachua, FL) PDl, attenuated in analog using 
the System II P A4 and processed through the System II HB6 and presented over HD265 
Linear Headphones (Sennheiser), in. a double-walled sound booth. 
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Performance thresholds were measured usmg 2-up, 1-down adaptive tracks 
(Levitt, 1971 ), so that two correct answers increased the difficulty of the task, and any 
incorrect answer decreased the difficulty. Tracks converged to 70. 7%. The difficulty 
was controlled by the amount of change in the interaural parameter for the target interval. 
The adaptive tracks were designed such that the step size was larger over the first four 
reversals, and smaller over the last eight reversals. In the lTD and ILD tasks, adaptive 
tracks changed by a factor of two for the large steps and by ~2 for the small steps. For 
ICC, the parameter p was converted to a decibel value according to the "equivalently de-
correlated" Signal-to-Noise ratio in a classical NoSn detection task, according to the 
equation 
SfNequivalent(dB) = 10 * log(10)((1- p)/(1 + p)) (1) 
so that asp decreases from p=l, SIN-equivalent becomes more negative (Durlach eta/., 
1986). In the ICC task, the value of p changed by 3-dB equivalent SIN units for the large 
step and by 1.5-dB equivalent SIN units for the small steps. 
Given many previous reports showing that measured thresholds can change over 
measurement day as a result of subject learning in interaural difference discrimination 
tasks (e.g., Ortiz and Wright, 2010; Wright and Fitzgerald, 2001), thresholds were 
measured over the course of multiple days in each task. Subjects came in for at least one 
session of measurements per week. Sessions were at least one hour long, and lasted for 
up to three hours. Three adaptive tracks were measured at a time in each set. Each track 
took about five minutes to complete. At the beginning of the study, subjects were first 
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exposed to the ICC task, then the lTD task and then the ILD task, in that order, and first 
exposed to the low-frequency noise~ in a particular task prior to being exposed to the 
high-frequency noises. That order of measurements was generally maintained, as 
performance was measured in the different tasks until all measurements were complete. 
Tracks were marked as "invalid" and discarded if the tracks reached the adaptive track 
threshold limit (60 trials in lTD and ICC, 65 trials in ILD), prior to completion of the set 
of 12 reversals. Measurements in a particular task were made until there were a minimum 
of six adaptive track thresholds in the performance region which followed the initial 
learning and improvement period. There were eight subjects (five NH, three HI) who did 
not complete the study. The three HI listeners left the region prior to the experiments 
being completed. Each of the five NH listeners stopped coming in at least once a week, 
and after two multiple absences of at least one week, less of an effort was made to initiate 
times for them to come to finish the study. 
2.2.3 lTD and ILD thresholds 
To minimize potential listener confusion, interaural differences were generated 
such that the perception of the off-center stimulus would move toward the same side in 
all trials in a set of three blocks (e.g .. , right ear amplitude increased to move the image to 
the right). Prior to the trials, subjects were verbally instructed that the task was an 
interaural time-difference or interaural level-difference discrimination task, and 
instructed to choose the interval that was different from the other intervals. They were 
verbally instructed that the image may sound off-center in the particular interval due to 
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the presence of interaural differences in that interval. Throughout the tasks, subjects 
were instructed (via a graphical user-interface) to identify the off-center interval. 
Because the step sizes changed by multiplicative units, adaptive track thresholds were 
calculated as the geometric mean of the last eight reversals, following Koehnke et a/. 
(1995). After the completion of data collection, the last six valid tracks in the right-
leading and left-leading cases were included in the calculation of the subject's JND at the 
particular frequency. Error bars were generated from the geometric standard deviation of 
the thresholds, following Koehnke eta/. (1995). 
Interaural time delays in test intervals were generated by delaying the entire 
waveform at one ear with respect to the other ear. Specifically, lTDs were generated by 
delaying the waveforms to either ear by time differences of± /J.r,/2 relative to diotic to 
give rise to an interaural time difference of IJ.t. At the beginning of the experiments, the 
initial lTD values were 700 )lS (500 Hz) and 1 ms (high frequency). lnteraural time 
delays in the adaptive tracks were changed by a factor of two (in )lS) over the first four 
reversals and by a factor of -Y2 over the last eight reversals. After the first set of three 
blocks, the adaptive track starting values were adjusted to be at most 1.4 ms (500Hz) and 
four ms (4kHz), and at the least, 175 )lS (500Hz) and 350 )lS (4kHz), based on how well 
the subjects initially performed. These adjustments were made so that there would be 
about six to ten trials of correct responses preceding the first incorrect response in a run. 
Interaural time delays were created via sample shifts, such that for a sampling rate of 100 
kHz, the lTD was 10 )lS. In order to present lTDs that were close to the desired lTD, a 
line in the experimental software program set the sampling rate to be 156.25 kHz for all 
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intervals in any trials in which the lTD was 30 J..lS or below. Invalid tracks were 
discarded after the completion of the experiments if the interquartile range of the levels 
for all trials during the last eight reversals spanned more than three steps (i.e., 
interquartile range spanning no more than 3*~2 J..lS) (Koehnke et al., 1995). After 
calculating the thresholds, those that were higher than 1000 J..lS were denoted as un-
measurable, along the lines of previous studies (e.g., Gabriel et al., 1992; Koehnke et al., 
1995). 
Interaura1leve1 differences were generated by amplifying the waveform at one ear 
and attenuating the waveform in the opposite ear with respect to reference, according to 
20log10 (B/A) = !Ja/2 (2) 
where B and A are the waveform amplitudes in the two ears, giving rise to ILD equal to 
dB. The long-term baseline level for a subject was the same in all intervals for a task. 
For the ILD measurements, a random-number generator was used to impose a roving 
level on all intervals, over a range of ±5 dB. Initial test-interval ILD values were 8 dB. 
Time-invariant interaurallevel difference values (in decibels) were adjusted by a factor of 
two during the first four reversals and by a factor of ~2 during the last eight reversals. 
Interaural level differences and roving levels were created digitally. Tracks were 
discarded if they reached ceiling, which was 22 dB or higher, except for when measuring 
2 kHz ILD in HI9 and Hll 0. For those situations, the ILD ceiling could not reach 22 dB, 
due to equipment limitations. Tracks were rarely discarded, as subjects rarely reached 
the 22 dB ceiling. Hearing-impaired subjects 9 and 10 were easily able to perform the 
tasks at initial levels of 8 dB. Invalid tracks were discarded after the completion of the 
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experiments if the interquartile range of the levels for all trials during the last eight 
reversals spanned more than three steps (Koehnke et al., 1995). In this case, that means 
that the 75th percentile value over the last eight reversals could not be more than 3*--J2 
greater than the 25th percentile value. 
2.2.4 ICC thresholds 
Like in the lTD and ILD measurements, reference interval stimuli in the ICC 
measurements were diotic. Test interval stimuli were presented according to 
1 (3) 
XR = p * ni(t) + (1- p)z * nj(t) 
with p<1,where ni(t) and nj(t) represent independent Gaussian noise samples and XL and 
X R represent waveforms at the left and right ears. These statistically de-correlated 
waveforms created time-varying interaural differences in the test intervals, in which the 
size of the interaural fluctuations increased with decreasing p (relative to p =1) (e.g., 
Gabriel, 1983). Subjects were verbally informed that there were four intervals, and asked 
to report whether interval two or interval three was different. They were informed that 
the test interval may sound different from the others based on a broadness cue, and were 
asked to report which interval was the broadest, via a graphical user-interface. 
At the beginning of the experiments, the adaptive tracks started with the test 
interval at p= 0.85 (corresponding to -11 dB SIN) at 500 Hz and p= 0.6 (corresponding to 
-6 dB) at 2 or 4kHz. This level was easy for most subjects. Based on how the subjects 
performed, the initial set value was changed to be more difficult-but never more 
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difficult than p=0.95 (-16 dB SIN) at 500Hz or p= 0.7 (-8 dB) at 2kHz and 4kHz levels, 
or to be easier than the initial levels. The goal was for the subjects to be exposed to a 
small number of easier trials in which they would choose the correct answer, before being 
exposed to the more difficult trials in which they may not be able to choose the correct 
answer. The value of p changed by 3 dB equivalent SIN units over the first four reversals 
of the tracks, and by 1.5 dB equivalent SIN units over the last eight reversals. After the 
completion of data collection, the last six valid tracks were used to calculate the means 
and standard deviations of the thresholds, on an SIN (equivalent) (dB) scale. Invalid 
tracks were discarded after the completion of the experiments if the interquartile range of 
the steps for all trials during the last eight reversals spanned more than three levels 
(Koehnke et al., 1995). In this case, that meant that the 75th percentile value over the last 
eight reversals could not be 4.5 dB equivalent SIN greater than the 25th percentile value. 
2.2.5 Stimulus Levels 
Stimuli were presented to NH subjects at reference levels of 65 dB SPL. Levels 
were set for HI listeners based on prior knowledge that perceived level would grow 
steeply with stimulus level, especially in the listeners with the more severe losses, and 
that the presentation of perceptibly quiet stimuli may lead to unstable adaptive tracks, and 
based on previous reports that measured JNDs would change less with level at the higher 
stimulus levels than at the lower stimulus levels (eg, Hausler et al. , 1983). In particular, 
it was known that for subjects with unilateral, 45-60 dB losses, a medium-loud tone of 65 
dB in the normal ear would sound about as loud as an 80 dB tone in the impaired ear 
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(Moore et a/., 1985). In order to present stimuli to HI listeners at medium-loudness or 
higher, noises were presented at 75-80 dB when the audiometric thresholds in each 
frequency band were less than 30 dB, 80-85 dB when the thresholds were between 30 and 
50 dB, and 85 dB or higher when the audiometric thresholds were 50 dB or more severe 
(c.f., Table 2.2). Stimulus level calibration and confirmation was performed using a 
Bruel and Kjaer 4153 artificial ear sound level meter with an IEC 60318-1 coupler. 
TABLE 2.2: Stimulus levels used in current experiment. Left-ear ("L") and right-ear 
("R") hearing loss in each HI listener at the test frequency, and stimulus level used at 
the test freg,uency are described in this table. 
High- High-
500HzHL 500 Hz Stimulus Frequen High-Frequency freq. Level Stimulus Level test 
cyHL fre . 
L R lTD ILD ICC L R lTD ILD ICC 
HI 25 20 75 75 75 55 50 85 85 85 4kHz 
H2 30 35 75 75 75 45 40 85 85 85 4kHz 
H3 35 25 75 75 75 50 45 85 75 85 4kHz 
H4 15 15 75 75 75 65 65 85 85 85 4kHz 
H5 35 35 85 80 80 55 60 90 88 90 4kHz 
H6 50 55 80 80 80 60 60 85 80 85 4kHz 
H7 40 35 80 80 80 80 75 DNM DNM DNM 4kHz 
H8 55 55 85 85 85 70 70 98 DNM 98 4kHz 
H9 75 65 90 90 90 75 75 100 95 100 2kHz 
HIO 65 65 95 95 95 85 75 100 95 100 2kHz 
Hll 55 55 85 85 85 95 95 DNM DNM DNM 2kHz 
Footnote: In the high-frequency ILD task, lower-than-initially planned levels were 
used for HI3, HI5 and HI6, to avoid exceeding the subjects' discomfort thresholds. 
Lower-than initially planned levels were used for HI9 and Hil 0 in ILD at 2 kHz, to 
avoid exceeding the equipment ceiling. Higher stimulus levels for HIS in 500 Hz lTD 
were used, as compared to the other tasks, due to poorer-than expected 500-Hz lTD 
performances for the listener. The measured 500Hz lTD JNDs did not improve with 
higher-stimulus level and training. 
24 
2.2.6 Data Analysis 
Thresholds and geometric standard deviations for lTD and ILD JNDs are 
processed (and plotted) on a log10 scale, consistent with scatter plots ofiTD JNDs against 
ILD JNDs being plotted on a log10 scale by Hawley (2000). It is also consistent with 
larger step sizes being used for the higher values and smaller step sizes for the lower 
values in adaptive tracking procedures used for the tasks by Koehnke et a/. (1995), 
Smith-Olinde eta/. (1998) and Hawley (2000). Because linear step sizes were used in 
the ICC measurements, ICC was plotted on a linear scale, in equivalent SIN (dB). 
To assess whether the independent samples (of thresholds measured in NH and HI 
listeners) came from groups of different medians, Wilcoxon rank sum ("Rank Sum", 
MATLAB 2012a) tests were used to obtain a "p" value. This test was used because the 
assumption of normal distribution (as in a t-test) seemed un-realistic given how the 
distributions of thresholds for the NH and HI groups could have been influenced by 
different factors, such as the role ofhearing loss. 
Within a group of listeners, the extent to which thresholds measured in a 
particular task correlated with those for a different task or with average hearing loss was 
assessed by calculating R-squared correlation coefficients and p-values. To do so, log10 
(lTD), log10 (ILD), and dB equivalent SIN ICC values were used. Correlations were 
"significant" when "p" for the correlation coefficients was less than 0.05. 
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2.3 Results 
Just-noticeable differences for lTD, ILD and ICC are discussed in this section, for 
both NH and HI listeners, and medians for the groups are compared. 
2.3.1 lTD JNDs 
Interaural time difference discrimination JNDs are plotted in Fig. 2.2 for both NH 
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FIG. 2.2: Interaural time difference sensitivity thresholds for normal-hearing and 
hearing-impaired listeners. Normal-hearing data are on the left, and HI data are on 
the right. Within each group, data are arranged by subject, with mean threshold 
among the subjects on the far right. Error bars represent standard deviations. Low 
frequency data are plotted on the top, and high frequency data are plotted on the 
bottom. Low frequency thresholds were measured at 500 Hz. High frequency 
thresholds were measured in NH at 4 kHz. High frequency thresholds were measured 
in HI at either 4 kHz (circles) or at 2 kHz (diamonds). Un-measurable thresholds 
(i.e ., thresholds greater than one millisecond) are plotted as triangles at one 
millisecond. 
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frequency lTD thresholds for NH listeners are plotted in the upper-left panel of Fig. 2.2. 
Thresholds varied from 22 to 254 J..LS (with a mean of 58 J..LS). Low-frequency ITD 
thresholds for HI listeners are plotted in the upper-right of Fig. 2.2. These thresholds 
varied from 11 to 317 J..LS, with a mean of 68 J..LS. Overall, the median for the HI listeners 
was not significantly different than that for the NH listeners (p>0.05). Inter-subject 
variability was higher for the HI listener group than for the NH listener group, partly 
attributable to each low thresholds and high thresholds, measured in the HI listeners. 
High-frequency lTD thresholds are plotted in the lower panels of Fig 2.2. For the 
NH listeners, plotted in the lower left panel, 4-kHz lTD JNDs varied from 90 J..LS to un-
measurable (>1000 J..LS), with most between about 100 and 200 J..LS. For the HI listeners, 
as plotted in the lower-right panel, the high-frequency lTD thresholds were attempted to 
be measured at 4 kHz in seven listeners. Due to difficulties imposed by severe losses in 
the high frequencies, thresholds were attempted to be measured at 2 kHz in two listeners 
and not at all in two listeners. The high-frequency lTD thresholds varied from 50 J..LS to 
un-measurable in the HI listeners. Most high-frequency lTD JNDs for the HI group were 
200 J..LS or higher, with many un-measurable. All listeners (both NH and HI) performed 
more poorly at the higher frequency than they did at 500 Hz. This was expected, from 
what was known with regards to the frequency-dependence of phase-locking. 
2.3.1 ILD JNDs 
Measured thresholds for ILD discrimination are shown in Fig. 2.3. Low-
frequency ILD thresholds, measured at 500 Hz, are plotted in the upper panels and high-
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frequency thresholds are in the lower panels. Thresholds for NH listeners are plotted in 
the left panels, and those for HI listeners are plotted in the right panels. Thresholds 
measured at 500 Hz varied over a wide range for both groups of listeners. Thresholds 
varied from 0.9 to 5.0 dB (with a mean of 1.9 dB) for the NH listeners and from 0.5 to 
8.4 dB (with a mean of 1.9 dB) for the HI listeners. 
High-frequency thresholds for the NH listeners (all measured at 4 kHz) varied 
from 0.8 to 5.3 dB (with a mean of 1.7 dB). For the HI listeners, high-frequency ILD 
JNDs were measured at 4kHz in HI 1-6 and at 2kHz in HI9 and HIIO. ILD JNDs were 
not measured at high frequency in HI7, HIS and Hill because, due to difficulties 
imposed by severe hearing-loss (compounded by ILDs and roving levels). Measured 
high-frequency ILD JNDs varied from 0.5 to 7.4 dB (with a mean of 1.6 dB) in the HI 
listeners. Note that there were JNDs of greater than 6 dB for both HI3 and HI5. For 
these listeners, the measured thresholds exceeded the effectiveness of the 1 0-dB rove, 
which made it impossible for listeners to use monaural cues to perform the ILD task at 
criterion performance of less than 5 dB (Gabriel et al., 1992). It is possible that HI3 or 
HI5 did not show ILD sensitivity, at all. 
The means of individual JNDs among NH and HI were similar, both at 500 Hz 
(viz., 1.9 dB, NH and 1.9 dB, HI) and at high frequency (viz., 1.7 dB NH and 1.6 dB, 
HI). There was large overlap of the threshold ranges for the two groups, at both 500 Hz 
and at high frequency. For both frequencies, the median (calculated with HI3 and HI5 
included in the group) for the HI listeners was not significantly different from that for the 
NH listeners (p>0.05). For both ILD tasks, inter-subject variability was higher for the HI 
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group than for the NH group, partly attributable to some low thresholds measured for the 
HI listeners, and partly attributable to some high thresholds measured for the HI listeners. 
Recall that subjects HI7, HI8 and Hill were not measured at high frequency, as a 
result of audibility constraints. One can speculate that if it had somehow been possible to 
measure performance for these listeners at high frequency, then those who had been 









FIG. 2.3.: Interaural level difference sensitivity thresholds in normal-hearing (NH) 
and hearing-impaired (HI) listeners. Scale on the left is dB in log-10 units. Scale on 
the right is ILD on a log-1 0 scale. NH data are on the left, and HI data are on the 
right. Within each group, data are arranged by subject, with mean threshold among 
the subjects on the far right. Error bars represent standard deviations. Low-frequency 
data (measured at 500Hz) are plotted on the top, and high-frequency data are plotted 
on the bottom. NH high-frequency thresholds were measured at 4 kHz. HI high-
frequency thresholds, when measurable, were measured at 4kHz (circles) or at 2kHz 
(diamonds) for cases. In the HI-group high frequency case, the mean was calculated 
among all thresholds measured at high frequency (including both at 2 kHz and 4 
kHz). 
highly-sensitive at low frequency would have also been highly-sensitive at high-
frequency. Based on this reasoning, HI7 and HI8 would have been moderately sensitive 
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to ILDs at high frequency, while Hill would have been highly sensitive. Ifthe HI group 
was to have included these higher (speculated) JNDs, then the mean JND for the HI 
group would have been higher than 1.6 dB mean that was reported. 
Finally, note that sensitivity for some of the HI listeners may have been slightly 
aided by loudness recruitment-related factors ( eg, Moore, 1985). Due to loudness-
recruitment, perceived ILDs could have been larger than actual ILDs for the HI listeners 
with the more severe losses at the test frequency-band. 
2.3.2 ICC JNDs 
Just-noticeable differences for interaural cross-correlation discrimination are 
presented in Fig. 2.4. Low-frequency ICC JNDs were measured at 500Hz. The 500-Hz 
ICC JNDs for NH are plotted in the upper-left panels. Measured thresholds varied from 
-16 dB to -27 dB equivalent SIN (corresponding to p= 0.95 to 0.996), for a mean value of 
-23 dB equivalent SIN. Low-frequency ICC JNDs for HI listeners are plotted in the 
upper-right panel. Thresholds for these listeners varied from -12 dB to -29 dB equivalent 
SIN (p= 0.88 to 0.9975), for a mean of -22 dB equivalent SIN. 
High-frequency ICC JNDs for NH listeners, measured at 4kHz, are plotted in the 
lower-left panel. Thresholds ranged from -10 dB equivalent SIN (p= 0.82) to -21 dB 
equivalent SIN (p= 0.984), for a mean of -16 dB equivalent SIN. High-frequency ICC 
JNDs for HI listeners, measured in seven listeners at 4 kHz and in two listeners at 2 kHz, 
are plotted in the lower-right panel. Thresholds were not measured in HI7 or Hill, due 
to difficulties imposed by severe losses in the high frequencies. Thresholds varied from 
30 
3 dB equivalent SIN (p= 0.33) to -21 dB equivalent SIN (p= 0.984), for a mean of -15 dB 
equivalent SIN. 
The mean among the NH group of listeners was not very different from that for 
the HI group, either at 500 Hz (mean=-23 dB, NH; -22 dB, HI) or at high frequency 
(mean= -16 dB, NH; -15 dB, HI). The medians for the groups were not significantly 
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FIG. 2.4.: Interaural cross-correlation thresholds for normal-hearing (NH) and hearing-
impaired (HI) listeners. Scale on the left gives ICC as equivalent SIN, in dB. Scale on 
the right, ICC (p ), is the level of the interaural correlation discriminable from perfect 
(unity) correlation. NH data are shown in the left panels, and HI data are in the right 
panels. Within each group, data are arranged by subject, with mean threshold among 
the subjects on the far right. Error bars represent standard deviations of repeated 
measurements. Low-frequency data (measured at 500Hz) are plotted in the top panels, 
and high-frequency data are plotted in the bottom panels. NH high-frequency 
thresholds were measured at 4kHz. High-frequency thresholds in HI were measured at 
4 kHz (circles) or at 2 kHz (diamonds) for the cases that could be measured. In the HI 
high-frequency task, the mean is that of measurements taken at both 2kHz and 4kHz. 
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For all listeners, both NH and HI, 4 kHz ICC JNDs were higher than the 500 Hz 
ICC JNDs. The high-frequency ICC threshold for HI8 was especially poor. This JND 
was much poorer than the JND measured at 500 Hz for this listener, suggesting that HI8 
may have lacked sensitivity to time-varying ILDs at high frequency. 
2.4 Discussion 
2.4.1 Sources of current-study performance variability 
High inter-subject performance variability was measured in all tasks of the current 
study, for both the NH and the HI listener-groups. While there certainly could have been 
inter-subject differences in listening attentiveness or effort, there is also evidence that 
such differences did not solely explain why some had lower JNDs than others in the 
interaural difference sensitivity tasks. This conjecture is based, first, on previous-study 
demonstrations, for both NH (Koehnke et a/., 1986) and HI (Hall and Fernandes, 1983) 
listener-groups of high inter-subject variability in interaural difference sensitivity tasks 
measured in conjunction with low inter-subject variability in a monaural intensity task. 
The conjecture is also based on how geometric standard deviations for the current study 
(plotted in Figs. 2.2, 2.3 and 2.4) were often just as low for the poorer performers, as 
compared to for the better performers. In Fig. 2.2, for example, it can be seen that the 
geometric standard deviation for the 500-Hz lTD JND was low for poor-performing 500-
Hz lTD subject NH9. Low geometric standard deviations are an indication of consistent 
of inter-adaptive track thresholds, and those calculated for the listeners with poor JNDs 
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suggest that the poor JNDs were measured in spite of relatively consistent efforts given 
by the listener. 
2.4.2 Comparing current-study thresholds to previous-study thresholds 
Of interest is how the measurement ranges for the NH and HI groups of the 
current study compared with those of the previous studies. However, previous-study data 
ranges varied among studies, guaranteeing conflicting answers for the different previous 
studies regarding whether the cross-study comparison of the threshold range for a 
task/subject group is favorable. Because of this difficulty, we analyzed the ways in 
which the current-study measurement range for the task/group compared with 
measurement ranges as aggregated across the previous studies for the task/group, rather 
than trying to compare the current-study threshold range to each previous-study threshold 
range. 
The factors that would have caused the ranges to differ among studies include 
subject-group size, subject-retention bias, extent-of-training, and stimulus levels. Based 
on statistical expectations, it is predicted that the measurement ranges would have been 
broadest for the listener-groups with the largest numbers of subjects. Retention-bias may 
have occurred in some studies as the result of subjects not being kept if they did not 
perform as well as expected. Performance thresholds can improve with training, as 
discussed by Ortiz and Wright (2010). Quiet-sounding stimuli can lead to poor 
performance thresholds (e.g., Hausler et al., 1983). 
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lTD 
For the NH listeners, current-study performance threshold ranges were consistent 
with the aggregated- previous study ranges for both lTD tasks. For the 500-Hz lTD task, 
most previous-study thresholds were between 10 and 150 f..lS, while a few were between 
150 and 300 f..lS ( eg, Hawkins and Wightman, 1980; Buus et al. , 1984; Smoski and 
Trahiotis, 1985; Koehnke et al., . 1986; Bernstein et al., 1988; Kinkel, 1990; Gabriel et 
al. , 1992; Koehnke et al., 1995; Hawley, 2000; Wright and Fitzgerald, 2001). For the 4-
kHz lTD task, most previous-study thresholds were between 30 and 250 f..lS, while others 
were higher than 250 f..lS. 
For the HI listeners, current-study threshold ranges were also consistent with the 
aggregated previous-study threshold ranges, for both lTD at 500 Hz and lTD at 4 kHz. 
For the 500-Hz lTD task, previous-study performance thresholds varied from 20 f..lS to 
un-measurable (Hawkins and Wightman, 1980; Buus et al., 1984; Smoski and Trahiotis, 
1985; Kinkel1990; Gabriel et al. 1992; Holube 1993; Koehnke et al. 1995; Smith-Olinde 
et al. 1998; Hawley 2000), while for the 4-kHz lTD task, previous-study performance 
thresholds varied from 100 f..lS to un-measurable (Hawkins and Wightman, 1980; Buus et 
al., 1984; Smoski and Trahiotis, 1985; Kinkel, 1990; Holube, 1993; Koehnke et al., 1995; 
Smith and Olinde et al., 1998). The 2-kHz lTD JND for HI9, of about 50 f..lS, was quite 
low. 
ILD 
For the NH listeners, current-study performance threshold ranges were consistent 
with the ranges of thresholds aggregated across the previous studies for ILD measured at 
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both 500Hz and at 4kHz. For both ILD tasks, most of the previous-study thresholds for 
NH listeners were between 0.5 and 3 dB, while a few were between 3 and 7 dB (Koehnke 
et al., 1986; Kinkel, 1990; Gabriel et al., 1992; Koehnke et al. , 1995; Smith-Olinde et al., 
1998; Hawley, 2000). For the HI listeners, it was also the case for both ILD tasks that the 
current-study performance threshold ranges were consistent with the ranges of thresholds 
aggregated across the previous studies. Previously-measured ILD thresholds for both 
tasks varied from 0.5 dB to un-measurable (Kinkel, 1990; Gabriel et al., 1992; Koehnke 
et al., 1995; Smith-Olinde et al. , 1998; Hawley, 2000). 
ICC 
For the NH listeners, current-study performance threshold ranges were also 
consistent with the ranges of thresholds aggregated across the previous studies for ICC 
measured at both 500Hz and at 4kHz. For the NH group, previous-study 500-Hz ICC 
JNDs varied from -14 to -28 dB equivalent-SIN, and previous-study 4-kHz ICC JNDs 
varied from -6 to -22 dB equivalent-SIN (Koehnke et al., 1986; Gabriel et al., 1992; 
Koehnke et al. 1995). On the other hand, the ICC JNDs for the current-study HI listeners 
were typically lower than those for the previous-study (Gabriel et al., 1992; Koehnke et 
al., 1995) HI listeners. In the previous studies, most ICC JNDs were higher than -20 dB 
equivalent-SIN (Gabriel et al. , 1992; Koehnke et al., 1995). 
The high amount overlap of the threshold ranges for the NH and HI listener 
groups for the ICC tasks of the current study disagrees with the low among of overlap 
found for the same tasks by Gabriel et al. (1992) and Koehnke et al. (1995) studies, but 
does agree with high amount of overlap for NoSn-detection tasks of several studies (Hall 
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and Harvey, 1985; Hawley, 2000; Strelcyk and Dau, 2009; Santurette and Dau, 2012; 
Hawley, 2000). 
lTD: NH compared to HI, Low-frequency versus high-frequency 
A side question related to threshold ranges is that of how the performances 
measured thresholds for the NH listeners compared to the performance thresholds for the 
HI listeners in the low- and high-frequency lTD tasks. In the current study, the HI 
listeners performed similarly to the NH listeners (in terms of the median), but tended to 
struggle as a whole compared to the NH listeners at 4 kHz (where the group medians 
were not calculated, due to un-measurable thresholds). Interaural time delay-sensitivity 
performance ranges plotted for multiple studies by Koehnke et al. (1995) show a far 
greater tendency more overlap of the NH and HI group thresholds in the 500-Hz task, 
than in the 4-kHz task. This suggests more of a greater tendency for the HI listeners to 
have struggled in the 4-kHz lTD task than in the 500-Hz task, as compared to the NH 
listeners. This trend might be explained by the stimulus levels used for the current study 
and previous studies being relatively low in the 4-kHz as compared to sensation level. In 
agreement with this possibility, Buus et al. (1984) showed that the majority of HI 
listeners among those with 50-70 dB losses could perform 4-kHz lTD tasks for 30 ms 
stimuli well, compared to NH, provided that the stimuli were presented to these HI 
listeners at 100 dB SPL levels. Another possibly relevant finding is that Lacher-Fougere 
and Dernany (2005) that reducing stimulus level was more deleterious on modulation IPD 
sensitivity than on carrier IPD sensitivity for NH. 
36 
Summary of Threshold Comparisons 
In all tasks for the NH subject group, the current-study threshold ranges were in 
good agreement with the aggregated previous-study threshold ranges. For the NH group, 
it is interesting that some poor performance thresholds were observed for the various 
tasks in spite of the listeners being well-trained and demonstrating relatively low standard 
deviation error bars. It is hard to pin-point why the poor JNDs occurred. It is possible 
that some of them could have occurred as the result of undiagnosed impairments, such as 
caused by TIS, leading to reduced numbers of spiral ganglion neurons and less robust 
coding at the brainstem level (e.g., Kujawa and Liberman, 2009; Ruggles et al. , 2011). 
However, this possibility is difficult to verify. 
For the HI listeners, performance ranges for the lTD and ILD tasks were also in 
good general agreement with the ranges aggregated from the previous studies. However, 
the performance ranges for the ICC tasks disagreed with those of the previous studies, 
with the current-study ICC thresholds generally lower than the few measured ICC 
thresholds of the previous studies. 
In the 500-Hz lTD task, ILD tasks, and ICC tasks, no significant difference in the 
median was observed for the HI listeners as compared to that for the NH listeners. This 
suggests that while impairments for the HI listeners may have affected some to perform 
more poorly than the best HI listeners in these tasks, they did not cause the HI listeners to 
perform statistically more poorly as a whole, compared to the NH listeners. Like for the 
NH listeners, the reasons behind some of the poorer performance thresholds for the HI 
listeners (as compared to the thresholds of the best-performing HI listeners) are difficult 
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to pinpoint. In the 4-kHz lTD task, the HI listeners appeared to have struggled as a 
whole compared to NH. However, many may have performed better if higher stimulus 
levels had been used. 
2.4.3 Correlations with hearing loss 
For the current study NH listeners, no significant correlations were found with 
hearing loss for any of the interaural difference sensitivity tasks, regardless of whether 
hearing loss was defined as either average hearing loss, or hearing loss at the test-
frequency of the discrimination task. The finding of no significant correlations with 
hearing loss for NH is not surprising, given how the NH listeners all had very similar 
audiograms and very different interaural difference sensitivity thresholds. 
No significant correlations between measured interaural difference sensitivity 
thresholds and hearing loss were found for the HI group, either. Figure 2.5 shows that no 
correlations were found for the 500-Hz lTD task. In the figure, scatter plots of hearing 
loss as a function of 500-Hz lTD JND are shown for hearing loss at 500Hz in the left 
panel and for average hearing loss in the right panel. 
In all tasks of the current study, there were both listeners with mild losses and 
poor interaural difference sensitivity thresholds, and listeners with severe loss and good 
interaural difference sensitivity thresholds. Similar kinds of examples which suggest that 
interaural difference sensitivity does not simply decrease with hearing loss were found in 
a number of previous studies (Koehnke et a/., 1995; Hawley, 2000; Smith-Olinde et a/., 
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1998; Smoski and Trahiotis, 1986; Hawkins and Wightman, 1980), all of which 
measured JNDs for small or medium numbers of HI listeners. 
In such studies, it is actually possible to miss a trend of interaural difference 
sensitivity against hearing loss that might appear in a study with more HI subjects. In 
studies which gathered large numbers of HI subjects, of20 listeners or more, statistically-
significant correlations between interaural difference sensitivity and hearing loss were 
found for some tasks, but not for other tasks (Jerger eta!., 1984; Kinkel, 1990; Holube, 
1993). Such statistically-significant correlations do not imply, however that interaural 









HL at 500 Hz {dB) Average HL (dB) 
9 11 10 
'q ~ a, 6 8 ~ 5 4 3 7s 2 1 2 3 
1 
4 
100 10 100 
lTD Low Freq. (1-!s) 1000 
FIG. 2.5. : Correlations between interaural difference sensitivity thresholds and hearing 
loss (HL). On the x-axis is lTD sensitivity measured at low frequency (500Hz). On 
the y-axis is hearing loss (in dB). lTD at 500 Hz is plotted vs. hearing loss at 500 Hz 
and against average hearing loss. Statistically significant correlations were not 
observed in either of the two cases. 
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2.4.4 Within-Task Correlations Across-Frequency 
It is not clear whether performance thresholds need to be measured in many 
different frequency-bands or in just a limited number of bands, in order to characterize 
listener sensitivity to lTD, ILD or ICC as measured with narrow-band Gaussian noises. 
Findings of significant correlations across frequency for a task would indicate that some 
of what could be concluded for these listeners by measuring performance thresholds in 
multiple frequency-bands could be reached more efficiently (by measuring performance 
in fewer frequency-bands). Consistency in rank order in performance thresholds for the 
measurements at the different frequency-bands would be another indication. For the ILD 
tasks, similarity in performance thresholds across frequency in the listeners would be a 
final indication. The extent to which performance thresholds significantly correlate across 
frequency for the two subject groups of the current study is described for the lTD, ILD 
and ICC tasks. Evidence from other studies is discussed, as relevant to the topic of this 
section. 
lTD 
Scatter plots of thresholds measured at high frequency as a function of thresholds 
measured at low frequency are shown in Fig. 2.6 for current-study lTD and ILD JNDs 
measured among both listener-groups. Measurable high-frequency lTD thresholds are 
plotted as a function of the low-frequency lTD thresholds for the NH listeners in the 
upper-left panel of Fig. 2.6, and for the HI listeners in the upper-right panel of Fig. 2.6. 
Statistically-significant correlations of lTD across frequency found for both groups of 
listeners (p<0.05) agree with those found by Kinkel (1990), for both subject groups. 
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In spite of statistically-significant correlations for the HI group of the current 
study, there were differences in how HI subjects performed, relative to one another in the 
two tasks. While the 500-Hz JNDs ofHI4 and HI6 were highly similar, the 4-kHz JNDs 
of these listeners were very different. Moreover, in other studies, the rank orders of 
thresholds measured for the two tasks differed for the HI group (Koehnke et al., 1995; 
Smith-Olinde et al., 1998; Holube, 1993). The lack in consistency of rank-orders for lTD 
at low frequency versus at high frequency for HI suggests a difficulty in selection of 
stimulus levels that lead to equality of task-difficulty across frequency for all the HI 
listeners, when HI audiograms tend to differ among subjects. 
ILD 
Current-study high-frequency ILD JNDs are plotted as a function of 500-Hz ILD 
JNDs, for the NH group in the lower-left panel of Fig. 2.6, and for the HI group in the 
lower-right panel of Fig. 2.6. Correlations for both groups were statistically significant 
(p<0.05). Note that the HI group for the current study correlations included listeners 
(HI3 and Hl5), whose ILD thresholds were outside of the range for which roving levels 
made it impossible to perform the task monaurally (Gabriel et al., 1992). When HI3 and 
HI5 were absent from the group, a statistically-insignificant correlation (p>0.05) with a 
high correlation coefficient (r2 =0.56) was found. However, regardless of whether or not 
HI3 and HI5 were included in the HI group, it was the case that measured thresholds for 
all listeners (either NH or HI) at 4 kHz were within one dB of those measured at 500 Hz. 
This suggests that some of the same conclusions which can be reached for ILD sensitivity 
for each group by measuring thresholds at many center-frequencies can be reached more 
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efficiently. In agreement, Kinkel (1990) found significant correlations for both listener 
groups in ILD thresholds across-frequency. Furthermore, all listeners within both subject 
groups had JNDs within 2 dB for the two tasks in the Smith-Olinde et al. (1998) and 
Hawley (2000) studies. On the other hand, there were rarely reported cases by Kinkel 
(1990), Gabriel et al. (1992) and Holube (1993) in which an HI listener's ILD thresholds 
measured at 500 Hz and 4 kHz differed by large amounts. 






















100 10 100 
lTD Low Frequency (J.1S) 
r2=.68 9 r2=.94 
3 1 3 
ILD Low Frequency (dB) 
FIG. 2.6.: With-in task frequency dependence, lTD and ILD. lTD thresholds, 
measured at low frequency, are plotted against lTD thresholds, measured at high 
frequency (top). ILD thresholds, measured at low frequency, are plotted against ILD 
thresholds, measured at high frequency (bottom). For both lTD and ILD cases, 
thresholds are plotted only for the cases in which performance was measured and 
measurable both at low frequency at high frequency. Normal-hearing data are plotted 
on the left. Hearing-impaired data are plotted on the right. In all cases, the 
correlations between measures were statistically significant (p<0.05). 
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ICC 
Scatter plots of cross-frequency correlations for current-study ICC thresholds are 
shown in Fig. 2.7, for the NH group in the left panel and for the HI group in the right 
panel. The correlation for the NH group was statistically significant (p<0.05). In 
agreement with the correlation, Koehnke et al. (1986) found that each of the four listeners 
either performed well at both frequencies or did not perform well at both frequencies. 
The correlation for the HI group was not significantly significant (p>0.05). In agreement 
with independent information being added for HI listeners in the ICC tasks, Gabriel et al. 
(1992) and Koehnke eta/. (1995) each found that the rank orders of subject performances 
clearly differed for the two center-frequencies. 
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FIG. 2.7: Within-task frequency dependence: interaural correlation discrimination 
sensitivity. X-axis is low frequency ICC sensitivity, measured at 500 Hz. On the y-
axis is ICC sensitivity, measured at high frequency. ICC sensitivity is plotted in terms 
of equivalent SIN (dB). The thresholds significantly correlated, across frequency in 
the normal-hearing case (p<0.05) but not in the hearing-impaired case (p>0.05). 
Summary-within task correlations across frequency 
Scatter plots of frequency-dependence of performance in the lTD, ILD and ICC 
tasks of the current study suggest that for all of these tasks for the NH listeners, and for 
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the lTD and ILD tasks for the HI listeners, some redundant information is obtained by 
measuring performance at multiple center-frequencies (as compared to at fewer center-
frequencies). For the most part, these conclusions were supported by the thresholds 
measured in other studies. On the other hand, for the ICC task in the HI listeners, lack of 
correlations for the current study suggests that new information is added by measuring 
performance thresholds in each new frequency-band. This conclusion was also supported 
by other-study measurements. 
2.4.5 Correlations across different tasks involving lTD, ILD and ICC 
This section is concerned with whether independent or redundant information is 
added by measuring performance thresholds in a second task, in addition to performance 
thresholds for the first task. Significant correlations of cross-task performance thresholds 
or finding of consistent cross-task rank orders for a listener group would suggest that 
redundant information is added. 
In this section, lTD thresholds as a function of ILD thresholds are discussed first, 
and ICC thresholds as a function of lTD and ILD JNDs are discussed second. In the 
discussion of ICC JNDs as a function of lTD and ILD JNDs, data of NoSn JNDs as a 
function of lTD and ILD JNDs are discussed. While the cues which are important in 
relation to NoSn detection thresholds may or may not be the same as those which are 
important in relation to ICC thresholds (e.g., Durlach eta/., 1986; van der Heijden eta/., 
2010), data on NoSn as a function ofiTD and ILD thresholds is relevant to the theme of 
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time-varying (ICC, NoS1t) interaural difference JNDs as a function of time-invariant 
(lTD, ILD) interaural difference JNDs. 
lTD vs. ILD JNDs 
Scatter plots for the NH group are shown in Fig. 2.8 for 500-Hz lTD as a function 
of ILD, with 500-Hz ILD in the top-left panel and 4-kHz ILD in the bottom-left panel. 
Both correlations were statistically significant (p<0.05). In agreement, Koehnke et a/. 
(1986) and Hawley (2000) found that the rank-orders of performances across these 
different tasks were highly-similar for NH listeners. In disagreement, Kinkel (1990) 
found that 500-Hz lTD thresholds measured in NH did not significantly correlate with 
ILD thresholds measured in either of the tasks. Note a major difference of the Kinkel 
(1990) and Holube (1993) studies, as compared to the other studies. Kinkel (1990) and 
Holube (1993) did not give the subjects correct-answer feedback during the data-
acquisition period. However, the reason for the lack of correlations for the Kinkel (1990) 
study NH listeners probably has to do with training, as NH listeners in the Kinkel (1990) 
study were likely more thoroughly trained in the lTD task than in the ILD task, leading to 
relatively lower lTD JNDs than ILD JNDs. It was shown by Ortiz and Wright (2010) 
that lTD JNDs asymptote more rapidly with training than ILD JNDs measured in NH. 
In the current-study, significant correlations were found for 4-kHz lTD in the NH 
group with both ILD at 500 Hz and ILD at 4 kHz (p<0.05) (scatter plots not shown). In 
disagreement, Kinkel (1990) did not find significant correlations for these tasks. 
Interaural level difference JNDs at 500 Hz are plotted as a function of 500-Hz 
lTD JNDs for the HI group in the upper-right panel of Fig. 2.8. Interaural level 
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difference JNDs at high-frequency are plotted as a function of 500-Hz lTD for the HI 
group in the lower-right panel of Fig. 2.8. Statistically-significant correlations were 
found for both trend-lines (p<0.05), regardless of whether or not HI3 and HIS 
(performances outside of the range for which roving levels made it impossible to perform 
the ILD task monaurally; Gabriel et al., 1992) were included in the group. This suggests 
that the lTD and ILD tasks also provide redundant information for the HI listeners. 
In agreement with redundant information being added, it was found in the Gabriel 
et al., 1992, Koehnke et al., 1995, Smith-Olinde et al., 1998 and Hawley et al., 2000 
studies that for all subjects in which performance was measured at above 20 SL in all 
tasks, everyone except for Gabriel et al. (1992) subject VF either performed similarly 
well or similarly poorly in each of the three tasks. Gabriel et al. (1992) subject VF, on 
the other hand, had a very poor 4-kHz ILD JND but reasonably good 500-Hz JNDs. 
Among the current-study HI listeners who had measurable thresholds in both sets 
of tasks, high-frequency lTD significantly correlated with high-frequency ILD (p<0.05) 
but not with low-frequency ILD (p>0.05) (plots not shown) (regardless of whether or not 
HI3 and HIS were included in the group for the correlations). The lack of significant 
correlations for low-frequency ILD versus high-frequency lTD may have been due to 
difficulty in determining how to equate difficulty of the tasks in the two frequency bands 
given differences in losses at the two frequencies. In many of the other studies found in 
the literature, there were few HI subjects for whom 4-kHz lTD JNDs were measurable. 
However, like for the NH group of the Kinkel (1990) study, it typically found for the HI 
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FIG. 2.8: Across-task correlations, low-frequency lTD sensitivity vs. ILD sensitivity. 
lTD sensitivity, measured at 500 Hz, is plotted on the x-axis. ILD sensitivity is on the 
y-axis. On the top is ILD at low frequency, and on the bottom is ILD measured at 
high frequency. NH data are on the left, and HI data are on the right. Data points are 
shown for all subjects for which performance was measured in both tasks, and at both 
frequencies. In all cases of lTD at low frequency vs. ILD, correlations were 
statistically significant. 
group of the Kinkel (1990) and Holube (1993) studies that the 4-kHz lTD JNDs did not 
significantly correlate with the measured ILD JNDs. 
ICC vs. lTD or ILD-NH 
Scatter plots of ICC as a function of lTD and ILD are shown in Fig. 2.9. 
Interaural cross-correlation for the NH group was significantly correlated with lTD and 
ILD sensitivity thresholds for the group, for most cases. Interaural cross-correlation at 
500 Hz is plotted as a function of lTD at 500 Hz for NH in the upper-left panel of Fig. 
2.9. The correlation was statistically-significant (p<0.05). Interaural cross-correlation at 
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500 Hz in NH listeners significantly correlated with lTD and ILD JNDs measured at 4 
kHz (p<0.05, scatter plot not shown), but did not significantly correlate with ILD at 500 
Hz (p>0.05, scatter plot not shown). Interaural cross-correlation at 4 kHz is plotted 
against ILD at 4kHz for NH listeners in the lower-left panel of Fig 2.9. The correlation 
was statistically Significant (p<0.05). Correlations for 4-kHz ICC were also significantly 
correlated with ILD at 500 Hz and with lTD at both frequencies (p<0.05 in all cases, 
scatter plots not shown). 
The current-study correlations for ICC JNDs as a function of lTD or ILD JNDs 
for the NH group suggest that redundant information is added for NH listeners by 
measuring performance in multiple ICC, lTD and ILD tasks. In agreement, Koehnke et 
al. (1986) found that the rank-ordering of the thresholds measured for NH listeners was 
highly conserved among the same tasks. Also in agreement, work by Goupell and 
Hartmann (2006) suggests that ICC sensitivity is related to the size of the interaural 
fluctuations in the stimuli, suggesting that those who are more sensitive to interaural 
differences would also be more sensitive to ICC. In disagreement, Grantham and 
Wightman (1978) found that some listeners were slightly more sensitive to slowly-
varying ITDs, while others were more sensitive to rapidly-varying ITDs. 
Thresholds measured in NoS1t detection were measured in NH listeners, in 
conjunction with time-invariant interaural difference discrimination thresholds by Hall et 
al. (1984) and Bernstein et al. (1998). While Hall et al. (1984) found a significant 
correlation for low-frequency masking level difference in NH listeners with low-
frequency lTD sensitivity, Bernstein et al. (1998) did not find significant correlations for 
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either low-frequency or high-frequency NoSn detection with lTD or ILD sensitivity. 
There were some major differences from the current study in how the Bernstein et al. 
(1998) study was carried out (in terms of listener training, stimulus bandwidth and roving 
level). However, other findings also suggest that those who perform better in time-
invariant interaural difference sensitivity tasks may not be the same as those who perform 
better in the time-varying interaural difference sensitivity tasks. Carhart et al. (1969) 
found that in testing masking level differences (MLDs) given various masker conditions, 
the MLDs were not the largest for the condition that gave rise to the highest subjective 
lateral separation of target and masker. 
ICC vs. lTD or ILD-- HI 
A scatter plot of 500-Hz ICC as a function of 500-Hz lTD for the HI group is 
shown in the upper-right panel of Fig. 2.9. The correlation was not significant (p>0.05). 
Interaural cross-correlation at 500Hz in HI also did not significantly correlate with 500 
Hz ILD or high-frequency lTD or ILD (scatter plots not shown), regardless of whether or 
not HB and HIS (ILD JNDs outside of the range where rove prevents monaural listening: 
Gabriel et al., 1992) were included in the HI group. The lacks of significant correlations 
for HI 500 Hz ICC were largely driven by thresholds of HIS and HI8, who performed 
well in 500Hz ICC but relatively poorly in the lTD and ILD tasks. 
A scatter plot of high-frequency ICC as a function of high-frequency ILD for the 
HI group is shown in the lower-right panel of Fig. 2.9. The correlation was significant 
(p<0.05), but was not significant when HB and HIS were included. High-frequency ICC 
significantly correlated with 500-Hz lTD (p<0.05), but not with either 500-Hz ILD or 
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high-frequency lTD (p>0.05, scatter plots not shown). The lacks of significant 
correlations for 4-kHz ICC were influenced by HIS performing well in ICC but poorly in 
ITD and ILD. The correlation between 4-kHz ICC and 500-Hz ILD was statistically 
significant when HI3 and HIS were excluded from the HI group (p<0.05). These trends 
suggest that ICC sensitivity rank orders are not always the same as those measured in the 
lTD and ILD tasks, for the HI listeners. In agreement, in the few subjects of the Gabriel 
eta!. (1992) and Koehnke eta!. (1995) studies in which ICC was measured, those who 
performed better in the ICC tasks did not always perform better in the lTD and ILD tasks. 
Summary-correlations across different tasks involving lTD, ILD and ICC 
Current-study JNDs for the lTD and ILD tasks for both NH and HI listeners 
suggest that some of the same conclusions made from measuring performance in a 
complete set of measurements for these tasks as could be made from a more limited set of 
measurements. Correlated performance thresholds also suggest that poor performance 
thresholds for some individual listeners could have been caused by ubiquitous kinds of 
impairments, which would have caused degraded sensitivity to both lTD and ILD. 
When ICC was plotted as a function of lTD or ILD for NH, most correlations 
were statistically significant. Due to evidence provided in this section from some other 
studies, however, it seems that a listener could be recruited for whom ICC sensitivity 
thresholds are better or poorer than the norm, relative to lTD and ILD sensitivity 
thresholds. For the HI group of the current study, lack of statistical correlations between 
ICC thresholds and lTD and ILD thresholds suggests that independent information can be . 
found by measuring performance in the ICC tasks, in addition to the lTD and ILD tasks. 
50 
It is possible that some of the HI listeners could have had impairments affecting 
sensitivity to ICC or time-invariant interaural difference sensitivity, but not both. 
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FIG. 2.9: Correlations between lTD discrimination and ICC discrimination at low 
frequency (top), and correlations between ILD discrimination and ICC discrimination 
at high frequency (bottom). Data are shown for all subjects for whom performances 
were measured in both sets of tasks, in the frequency of the tasks. Correlation for NH 
case is shown on the left; HI on the right. Correlations were statically significant in all 
cases, except for lTD at low frequency vs. ICC at low frequency in the HI group. 
2.5 Summary 
In the young, highly-trained listeners of the current-study, a high amount of inter-
subject variability was measured in the performance thresholds for both NH and HI 
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listeners. Inter-subject variability was particularly high for the HI listeners, for whom the 
medians did not differ from those reported for the NH group in all of the tasks in which 
the medians for the two groups were compared. The broad range of interaural difference 
sensitivity thresholds measured in HI listeners suggests some of the HI listeners would 
benefit much more from the preservation of interaural differences in external 
amplification devices than others. 
Interaural difference sensitivity thresholds were not highly-predictable from any 
measures of the pure-tone audiogram, either for the HI group or for the NH group. When 
high-frequency thresholds were plotted as a function of low-frequency thresholds for the 
lTD, ILD and ICC tasks of the NH groups, statistically-significant correlations were 
found for all tasks. For the HI group, significant correlations across frequency were 
found for the lTD and ILD tasks, but not the ICC tasks. When ILD thresholds were 
plotted as a function of lTD thresholds for the two subject groups, most correlations were 
statistically-significant. When ICC thresholds were plotted as a function of lTD or ILD 
thresholds, all correlations were statistically-significant for the NH group, and some were 
statistically-significant for the HI group. 
The findings suggest that for well-trained listeners of either the NH group or the 
HI group, much can be surmised about sensitivity to ITDs and ILDs from a limited set of 
measurements, as compared to a more complete set of measurements. However, the 
findings suggest that for HI, new information for the listeners is reached by measuring 
ICC thresholds in the listeners, in addition to measuring sensitivity to lTD and ILD in 
52 
these listeners. Furthermore, new information is obtained for these listeners by 
measuring ICC sensitivity thresholds in each new frequency band. 
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Chapter 3 
Speech intelligibility performance with spatially separated 
interferers: Relation to basic binaural JNDs for the same 
subjects 
Abstract: In this study, monaural and binaural speech reception thresholds (SRTs) were 
measured in the colocated, symmetric and anti-symmetric spatial conditions. All stimuli 
were monotonized to the same fundamental frequency, to remove pitch cues. 
Performance was measured in the same group of normal-hearing and hearing-impaired 
listeners as described in Chapter 2 in a study measuring sensitivity to lTD, ILD and ICC 
just-noticeable differences (JNDs) with narrowband noises centered at low frequency and 
at high frequency. This enabled the calculation ofbinaural benefits for the speech tasks 
and the exploration of correlations of performance thresholds in the speech tasks with 
both hearing loss and measured interaural difference sensitivity thresholds. Binaural 
benefits were positive for most listeners in the two groups and in the two spatially-
separated conditions, but negative for some listeners in the anti-symmetric condition-
including those with severe losses. Binaural benefits in the symmetric condition did not 
significantly correlate with hearing loss for either group, but binaural benefits in the anti-
symmetric condition did for the HI group. Binaural benefits did not significantly 
correlate with any of the interaural difference JNDs in the symmetric condition, either for 
the NH group or in the HI group. Binaural benefits in the anti-symmetric condition did 
significantly correlate with many of the interaural difference JNDs, including 500 Hz 
lTD JND and 4 kHz ILD JND for the NH listeners, and also with many interaural 
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difference JNDs for a subset of HI listeners with less-than-severe (70 dB) average 
hearing loss. These results suggest key differences between the symmetric and anti-
symmetric speech masker conditions. In the symmetric condition, the lack of significant 
correlations with interaural difference sensitivity thresholds suggests that there are other 
key factors determining binaural benefit for the speech task. In the anti-symmetric 
condition, significant correlations with interaural difference sensitivity thresholds suggest 
that interaural difference sensitivity is a key factor for this masked-speech condition. 
3.1 Introduction 
Speech communication amid speech interferers (the "cocktail party problem", 
Cherry, 1953) can be problematic for virtually all listeners, including both those with 
normal audiograms (e.g., Ruggles et al., 2011) and those with hearing impairments (e.g., 
Carr, 201 0). A number of factors can affect the degree of difficulty for people listening 
in these kinds of environments. Such factors include the number (e.g., Hawley et al., 
2004) and spatiallocation(s) of interfering talker(s) (e.g., Peissig and Kollmeier, 1997; 
Hawley et al., 1999; Kidd et al., 2010), the similarity of voice quality between target and 
masker(s) (e.g., Carr, 2010), proximity of sources and environment-related effects such as 
echoes and reverberation (e.g., Carr, 2010). 
The importance of source spatial distribution, examined in detail by Peissig and 
Kollmeier (1997), was considered in three recent studies (Marrone et al., 2008a,b; Carr, 
2010), which all used the same speech corpus. The "colocated" condition, with both 
target and maskers in front, was used as a reference condition. To explore the role of 
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masker location, performance was also measured in two other spatial arrangements: 
"symmetric" (with maskers on either side) and "anti-symmetric" (with both maskers on 
the same side). Carr (20 1 0) measured performance with all sources monotonized to the 
same-fundamental frequency, and maskers displaced by 60° from midline in the 
separated conditions, while Marrone et al. (2008a,b) used different-talker maskers, such 
that the target talker was randomized from trial-to-trial and the maskers were displaced 
by 90° from midline in the separated conditions. 
In the colocated condition, speech reception thresholds (SRTs) were between 3 
and 5 dB target/masker ratio (T/M), consistent with the listeners using level cues to 
perform the tasks (Marrone et al. 2008a,b; Carr 2010). Performance was much better in 
the spatially-separated conditions. The degree of listener benefit from spatial separation 
varied among listeners. For the NH listeners, "spatial release from masking" in the 
symmetric condition (i.e., the change in threshold relative to the colocated condition), 
aggregated among the studies, varied from 4 to 15 dB (Marrone et al. , 2008a,b; Carr, 
201 0), while for the HI listeners, spatial release in the symmetric condition varied from 0 
to 8 dB (Marrone et al., 2008b; Carr, 2010). In the anti-symmetric condition, spatial 
release varied from about 9 to 18 dB in NH listeners, and from 1 to 11 dB in the HI 
listeners (Carr, 2010). 
It is likely that listeners benefited from spatial separation, partially as a result of 
sensitivity to interaural differences. There are multiple reasons for why sensitivity to 
interaural differences might have helped listeners in the speech intelligibility tasks amid 
spatially-distributed speech maskers. Sensitivity to interaural differences should have 
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helped the listeners to perceive the different speech sources as coming from different 
azimuthal locations (e.g., Wightman and Kistler, 1992; Marrone eta/., 2008a), leading to 
better attention to and streaming of the target (Ihlefield and Shinn-Cunningham, 2008), 
causing a reduction in IM (Kidd eta/., 2010) as compared with the colocated condition. 
Additionally, sensitivity to interaural differences may have also helped the listeners to 
better perceptually segregate the speech sources (e.g., Culling and Summerfield, 1995 
and Drennan et a/., 2003). It is also likely that listeners benefited from sensitivity to 
monaural features of the waveforms. Specifically, off-center maskers give rise to a 
contralateral "better-ear" as the result of the acoustic head-shadow. The better ear is 
present throughout the duration of the sentence in the anti-symmetric condition, but 
present only during short epochs at a time on each side of the head in the symmetric 
condition. 
One would think that if an experimenter were to measure performance in these 
spatially separated conditions at the monaural better-ear as a control condition, a small 
monaural benefit would be found for the symmetric condition, compared to a larger 
monaural benefit for the anti-symmetric condition. Hawley et a/. (2004) and Marrone et 
a/. (2008a) measured performance at the monaural better-ear in the spatially-separated 
conditions using different kinds of speech maskers and sentence corpora. Monaural 
benefits for the symmetric condition were very small (Hawley eta/., 2004; Marrone eta/. 
2008a), while those for the anti-symmetric condition were larger (Hawley et a/. , 2004). 
Controlling for monaural benefit allows experimenters to more compare listeners with 
respect to how much the benefit from binaural listening, with Marrone et a/. (2008a) 
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demonstrating large individual differences in binaural benefit in the symmetric condition 
for NH listeners. 
In an entirely different set of studies, including in Chapter 2 of the current study, 
thresholds of sensitivity to interaural differences were measured in individual subjects. 
These thresholds were · measured using many types of stimuli in the different studies, 
including narrow-band noises centered at various frequencies in some of the studies (e.g., 
Koenkhe et al., 1986; Gabriel et al., 1992; Koenkhe et al., 1995; Hawley, 2000). 
Performance was measured in time-invariant interaural time delay (lTD) and interaural 
level difference (ILD) discrimination tasks and in tasks measuring sensitivity to time-
varying interaural differences (NoS1t-detection and interaural cross-correlation, ICC, 
discrimination). A common theme was that large individual differences were measured 
among both NH and HI listeners. It then follows to wonder whether listeners' 
sensitivities to interaural differences translate into the ability to benefit from spatially 
separated maskers in the speech tasks. 
In the current study, we measure NH and HI listener performance in tasks that 
include both interaural difference sensitivity tasks as well as speech reception tasks in the 
presence of maskers presented in various arrangements. This enables us to explore 
correlations between performance in these speech tasks with spatially-distributed 
interferers to performance in the interaural difference sensitivity tasks, among both NH 
and HI listeners. In particular, we test the hypothesis that those who have greater binaural 
benefit in the symmetric and anti-symmetric tasks also perform better in interaural 
difference sensitivity tasks. This hypothesis is motivated, first, by the large individual 
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differences that have been measured in both binaural benefits and interaural difference 
sensitivity thresholds of previous-studies, and second, by the multiple facets of the speech 
tasks with spatially-separated speech maskers for which sensitivity to interaural 
differences may be important. 
3.2 Methods 
This section discusses how the SRTs were measured and how the monaural and 
binaural benefits were determined for the different spatial configurations. Also discussed 
are protocols for simulating monaural SRTs and monaural benefits using the speech 
intelligibility index (SII- ANSI, 1997). 
3.2.1 Listeners 
There were ten NH listeners and eleven HI listeners. All listeners had English as 
their primary language. All listeners, except for HllO (one of the study authors) were 
paid for their participation. 
Normal-Hearing (NH) Listeners 
Four male and six female NH listeners participated. Subjects were screened prior 
to experiments to ensure that their pure-tone thresholds were in the normal range (no 
greater than 20 dB HL) for octave frequencies between 250 and 8000Hz. Ages ranged 
from 19-29 years old at the time of testing (mean age was 23 years old). No NH subject 
in our group had any prior experience in psychophysical listening tasks, before this study. 
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Hearing-Impaired (HI) Listeners 
Audiometric thresholds, ages and genders of the HI subjects are plotted in Fig. 
3.1, which is the same figure as Fig. 2.1, shown in Chapter 2. Hearing-impairments at a 
frequency-band varied from mild to profound. All subjects, except for Hll 0, had 
audiograms that were left/right symmetric, defined as mean thresholds that were within 5 
dB (between 250Hz and 8kHz). Effort was made to age-match the HI subjects to the 
NH subjects. All HI listeners, except for HI9, were less than 40 years old, at the time of 
study. Hearing-impaired subjects 1-10 had all been parts of hearing-research based 
listening experiments in other studies. Hearing-impaired subject 9 was chosen, in 
particular, due to extensive experience in psychophysical-based listening tasks including 
binaural JND experiments similar to those presented in current-study Chapter 2, allowing 
for comparison to previously-measured data. Sensorineural hearing loss was confirmed 
in every listener via the lack of an air-bone gap. Further details regarding subject 
etiology (if known), musical experience and status with regards to hearing-aid use was 
reported in Table 2.1 in Chapter 2 of the current-study. 
3.2.2 Stimuli 
Stimuli were adapted from Carr (2010). Both target and masker speech stimuli 
were taken from Male Talker 0 of the closed-set, Coordinate Response Measure (CRM) 
corpus (Bolia et al., 2000). All sentences (both target and masker) were monotonized to 
a constant fundamental frequency of 100 Hz (Carr, 2010). This removes the voice 
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FIG. 3.1: Audiograms of hearing impaired subjects. Hearing loss as a function of 
frequency plotted with right ear plotted in o, left ear plotted in x. Subject numbers are 
in lower left. Subjects are arranged by average hearing loss. Subject age and gender is 
in upper right. 
difficult for the listeners. Speech sentences were convolved with HRTFs, consistent with 
a simulated rectangular room. The HRTFs were generated using a program that 
combined an acoustic image-reflection model (Desloge, 2001) with a set of anechoic 
recorded HRTFs from a KEMAR manikin (Gardner and Martin, 1994). 
To generate monotonized sentences, fundamental frequency contours were 
extracted using the PRAAT software program (Boersma and Weenick, 2001) and equated 
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to a flat pitch contour of 100 Hz fundamental frequency, at a sampling frequency of 40 
kHz. Monotonized sentences were re-sampled to 20kHz using an anti-aliasing low-pass 
filter with the "re-sample" command in MA TLAB 2012a software (Mathworks Inc, 
Natick, MA), and convolved with the HRTFs, before being written to linear, 16-bit sound 
files. Re-synthesis was performed using the pitch-synchronous overlap and add 
(PSOLA) algorithm, again using the PRAA T software package. 
3.2.3 Conditions 
The simulated room (Desloge, 2001) was classroom-sized, with dimensions 
(x,y,z) of 6m x 1Om x 3m. The uniform absorption coefficient was set to unity, for 
anechoic room settings. The head-center was at position (3,3 ,1), in the center of the 
room, 3 meters away from the side and back, and 1 meter from the floor of the room. All 
sources were 1.5 meters from the center of the head. Following Carr (20 1 0), the target 
talker was off-set by 2 centimeters to the right to avoid any artifacts that might occur 
from having perfectly symmetric reflections arrive at the same time. There were three 
different configurations for the masker pair: straight in-front (the colocated condition), 
one at 60° to each side (symmetric), and both on one side, 60° (anti-symmetric). 
Monaural thresholds were generated by presenting the stiml!li to only one ear 
during the measurements. In the colocated and symmetric conditions, monaural 
performance was measured at each ear separately. In the anti-symmetric condition, 
monaural performance was measured only at the better-ear (i.e, at the ear opposite from 
the maskers). 
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In all conditions, thresholds were calculated as the level difference (in decibels) 
between the target and a single masker (T /M), which was calculated at the source instead 
of at the ear. Thresholds had also been calculated at the source by Marrone (2008a,b) and 
Carr (2010) studies. Maskers were always equal at the source, and as noted by Carr 
(2010), long-term SNR at the ear may not be the best measure for TIM, as different 
frequencies have different importance-weightings for the different speech conditions. 
3.2.4 Apparatus 
Digital stimuli were generated with 16-bit resolution and converted to analog 
waveforms using the Tucker Davis Technologies (TDT, Alachua, FL) System II PD1 , 
attenuated using the TDT System II P A4 and presented over HD265 Linear Headphones 
(Sennheiser), via the System II HB6. Listeners were seated within a double-walled 
sound-booth. Stimulus level calibration and confmnation was performed using a Bruel 
and Kjaer 4153 artificial ear sound level meter with an IEC 60318-1 coupler. 
3.2.5 Measurement Protocol 
Subjects were asked to respond with the color (out of four choices) and number 
(eight choices) that they believed corresponded with target the call sign, "Baron", when 
hearing a sentence with the structure of "Ready, Baron, go to blue four now". In all 
trials, the maskers were fixed in level, and the target level was adjusted adaptively in a 
one-up, one-down fashion, depending on whether the subjects made an error (target level 
one step up) or answered both keywords correctly (target level one step down). This 
adaptive track procedure converges to 50% correct for the full sentence, consistent with 
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the usual definition of the SRT. The target was initially 6 dB higher than the level of 
each masker. The level of the target was adjusted with a 4 dB step during the first six 
reversals and by a 2 dB step during the remaining eight reversals. The mean target level 
was calculated by averaging the level of the last 10 reversals. 
For NH listeners, each masker was presented at a stimulus level of 65 dB SPL. 
This 65-dB SPL level, about 45 or 50 dB above the SRT in quiet was judged to be 
comfortable. For HI subjects, the SRT was measured in quiet, by determining the level 
of the target at which the subjects correctly reported both words 50% of the time with no 
masker. Then, maskers were presented at approximately 30 dB above the SRT when the 
equipment limitations were not exceeded, unless the subject judged that level to be 
uncomfortably loud, in which case the masker level was reduced. Masker stimulus levels 
used for each subject are shown in Table 3.1. For all listeners, except for in Hill, the 
maskers were presented such that the target stayed at least 10 dB above the SRT in quiet, 
meeting the audibility criterion set forth by Duquesnoy (1983). 
To assure that all data were collected from well-trained subjects, an initial day of 
speech intelligibility experiment trial runs was conducted for each subject prior to the 
acquisition of the SRTs. Thresholds were measured over durations of 30 minutes to 
three hours, with frequent breaks. Over the sessions, thresholds were measured among 
all the monaural or binaural tasks, and in a random order that was repeated until three 
thresholds were measured in each of the tasks. Some subjects (NHl, NH8, NHlO and 
Hill) had left the study prior to performances being measured monaurally and binaurally 
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in the left ear-better colocated, symmetric and anti-symmetric conditions. For those four 
listeners, monaural and binaural benefits were calculated based on right-ear data, alone. 
TABLE 3.1: Presentation level of each masker (measured at the source, relative to the 
SRT in quiet for each HI listener 
Subject SRT in quiet (dB SPL) Level each of masker (at source) (dB SPL) 
Hil 46.7 78 
HI2 49.5 78 
HI3 60 80 
HI4 43.5 72 
HIS 58.6 88 
HI6 55.6 88 
HI7 57.9 88 
HIS 62.8 88 
HI9 71.6 96 
HilO 81.7 96 
Hill Unknown 92 
3.2.6 Calculating binaural benefits 
In both the symmetric and anti-symmetric conditions, three types ofbenefits were 
calculated: "total", "monaural" and "binaural". Total benefit was the "spatial release 
from masking" (e.g., Marrone et . al. 2008a,b ), the difference between thresholds 
measured in colocated and spatially-separated conditions. Monaural benefit was the 
difference between thresholds measured in the binaural colocated and monaural separated 
conditions. Binaural benefit was the difference between total benefit and monaural 
benefit. As noted above, in some subjects (NHl, NH8, NHlO and Hill), only right-ear 
better thresholds were able to be obtained. In those cases, monaural and binaural benefits 
were calculated based on right-ear data, alone. 
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3.2. 7 Analysis 
To assess whether the medians for the groups of thresholds were significantly 
different, the Wilcoxon rank sum test was used. The Wilcoxon Rank Sum ("Rank Sum", 
MATLAB 2012a) test, also used by Koehnke et al. (1995), was used because we did not 
think that the assumption of normal distribution (as in a t-test) could always be made. 
The Wilcoxon test performs a two-sided rank sum test of the hypothesis that two 
independent samples come from distributions with equal medians, and returns a p-value 
from the test. 
Correlations between both speech intelligibility performances and calculated 
benefits, with interaural difference sensitivity performance thresholds calculated for the 
two listener groups among which speech performance was not limited by the Duquesnoy 
(1983) audibility criterion: NH and HII-HIIO (i.e., all subjects except for Hill). To 
assess the statistical significance of correlations between data sets, squared correlation 
coefficients, rl, and associated p-values for probabilities of getting a correlation as large 
as the observed value by random chance, for a true correlation of zero, are reported. 
Correlations were found to be "significant" when p<0.05. 
3.2.8 Simulating monaural speech reception thresholds and monaural benefits 
We were interested in whether the monaural SRTs and monaural benefits could be 
successfully predicted from the extent to which the speech spectrum was audible for the 
different listeners, based on the individual audiograms. To do so, masker speech 
waveforms were scaled to the SPLs that were used for each subject in the experimental 
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tasks, and input TIM ratios ranged from 5 to -15 dB TIM. For each listener, this 
monaural SII was calculated for both colocated and separated listening conditions, as 
explained further in the next paragraph. Simulated monaural benefits were calculated as 
the difference between the simulated colocated and simulated monaural thresholds. 
To calculate the SII, a modified version of the speech intelligibility index (ANSI, 
1997) was used, in which level distortion and upward-spread of masking terms of the 
model were intentionally left out, so that effects of the extent to which the speech 
spectrum was audible could be studied in isolation. In the SII model, the signal-to-noise 
ratio in each frequency-band was based on the speech signal energy and the model's 
internal noise energy term for each band (which was the maximum of the model's 
equivalent internal noise level and masker level in each band, where equivalent internal 
noise level is sum of internal noise and audiometric threshold in each band). The signal-
to-noise ratio in each frequency-band was weighted by the band-importance value, and 
the weighted signal-to-noise ratios were summed over the frequency spectrum. Speech 
intelligibility index was calculated. For the purpose of setting a criterion, the input TIM 
corresponding to SII=0.35 was used corresponding to roughly 50% correct for NH 





Colocated thresholds are shown in Fig. 3.2. Thresholds for the NH group are 
plotted in the left panel and thresholds for the HI group are plotted in the right panel. In 
the colocated condition, the target level needed for 50% correct performance was about 3 
to 4 dB higher than each masker level, with average thresholds for the NH group 
(3.1±.0.9 dB) slightly lower than for the HI group (3.8 ± 1.3 dB, HI-10). However, there 
was no statistical difference between the median thresholds for either of the groups 
(p>0.05). 
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FIG. 3.2: Colocated speech reception thresholds and error bars (standard deviation). 
Target-to-single masker ratio is expressed in dB. NH data are on the left; HI data are 
on the right. Subject is on the x-axis. Mean threshold among the group of listeners 
and standard deviation is on the far right. Data for Hill (who did not exceed the 10 
dB target audibility criterion, Duquesnoy 1983) are plotted in a different shade than 
the other HI listeners. The mean threshold for HI is based on HI 1-10, only. The NH 
listener mean was not significantly different from the HI listener mean (p>0.05). 
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Symmetric condition 
Thresholds in the symmetric configuration are shown in Fig. 3.3 , along with the 
colocated thresholds from Fig. 3.2. Thresholds for the NH listeners are plotted on the 
left, with thresholds for the HI listeners on the right. The NH listeners (-2.8±.1.7 dB) 
performed better on average than the HI listeners (0.4 ±.1.4 dB, HI 1-1 0). The difference 
between medians for the two groups was significant (p<0.05). The medians for the 
symmetric condition were significantly lower than those for the colocated condition for 
both groups (p<0.05). In both the NH and HI listener groups, inter-subject variability 
was higher in the symmetric condition than in the colocated condition. Inter-subject 
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FIG. 3.3: Symmetric SRTs (squares) and error bars (standard deviation), plotted along 
with the colocated thresholds from Fig. 3.2 (circles). Target-to-single masker ratio is 
expressed in dB. NH data are on the left; HI data are on the right. Mean threshold 
among the group of listeners together with the standard deviation are shown in far 
right of each panel. Data for Hill (who did not exceed the Duquesnoy 1983 
audibility criterion) are plotted in a different shade than the other HI listeners. The 
mean threshold is based on Hil-HilO, only. Symmetric thresholds measured in NH 
listeners were significantly lower than measured in HI listeners (p<0.05). 
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Anti-symmetric condition 
Anti-symmetric thresholds are shown in Fig. 3.4, again along with the colocated 
thresholds in Fig. 3.2. Thresholds for the NH group (-12±.2.7 dB) are plotted on the left, 
and thresholds for the HI group (-4.8±.3.2 dB) on the right. The anti-symmetric medians 
were lower in the anti-symmetric condition for both groups (p<0.05), as compared to the 
medians for the colocated and symmetric conditions. In the anti-symmetric 
configuration, the median for the NH thresholds was significantly lower than that for the 
HI thresholds (p<0.05). Inter-subject variability was higher in the anti-symmetric masker 
configuration than in the colocated configuration in both the NH and HI listener groups. 
Monaural thresholds in the symmetric condition 
Symmetric monaural thresholds (data not shown) (2.2±1.1 dB, NH; 2.8±1.0 dB, 
HI) were slightly lower than the colocated thresholds. However, the median for the 
symmetric thresholds was not lower than that for the colocated thresholds, for either 
group (p>0.05). The median for symmetric monaural thresholds for NH listeners was not 
significantly different from that of the HI monaural thresholds (p>0.05). 
Monaural thresholds in the anti-symmetric condition 
Anti-symmetric monaural thresholds are plotted in Fig 3.5. Thresholds for NH 
(-7.9±1.1 dB) are plotted in the left panel. Thresholds for HI (-4.4±1.2 dB) are plotted in 
the right panel. The median for the thresholds in the anti-symmetric monaural condition 
was lower than that for the colocated thresholds for both groups (p<0.05). The median 
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FIG. 3.4: Anti-symmetric speech reception thresholds (diamonds) and error bars 
(standard deviation), plotted along with the colocated thresholds (circles). Target-to-
single masker is expressed in dB. NH data are on the left; HI data are on the right. 
Mean threshold among the group of listeners, together with the standard deviations are 
on the far right. Data for Hill (who did not exceed the Duquesnoy 1983 audibility 
criterion) are plotted in a different shade than the other HI listeners. The mean 
threshold is based on Hil-HilO, only. Anti-symmetric thresholds measured in NH 
listeners were significantly better than anti-symmetric thresholds measured in NH 
listeners (p<0.05). Note:anti-symmetric SRTs based on right ear- better data alone for 
NHl, NH8, NHlO and Hill, as opposed to being averaged from right-ear better and 
left-ear better data. 
3.3.2 Benefits of spatial separation 
Symmetric 
Benefits of spatial separation in the symmetric condition are shown in Fig 3.6. 
Total benefit is in the upper panels, monaural benefit in the middle panels, and binaural 
benefit in the lower panels. Normal-hearing benefits are plotted on the left, and HI 
benefits are plotted on the right. Median total benefits were higher for the NH listeners 
(5.8 ±2.3 dB) than for the HI listeners (3.4±1.4 dB), (p<0.05). Inter-subject variability 
was high within both subject groups, with ranges of about 1 to 8 dB for NH, compared 
with 1 to 6 dB, for HI. Monaural benefits (0.9±1.4 dB, NH; 1.0±0.6 dB, HI) were small 
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FIG. 3.5: Anti-symmetric monaural speech reception thresholds (triangles) and error 
bars (standard deviation), plotted along with colocated thresholds. TIM is expressed 
in dB. NH data are on the left; HI data are on the right. Mean threshold among the 
group of listeners and standard deviation are on the far right. Data for Hill (who did 
not exceed the audibility criterion) are plotted in a different shade than the other HI 
listeners. The mean threshold is based on Hil-HilO, only. Anti-symmetric monaural 
thresholds measured in NH listeners were significantly better than anti-symmetric 
thresholds measured in HI listeners (p<0.05). Nate:anti-symmetric monaural SRTs 
based on right ear-better data only for NHl , NH8, NHlO and Hill. 
in both groups for this symmetric configuration. Inter-subject variability was small in 
both groups for the symmetric monaural benefits, where there was no significant 
difference between groups. Binaural benefit (4.9±1.9 dB, NH; 2.4±1.4 dB, HI) trends 
closely mirrored those for the total benefits. The median NH-listener binaural benefits 
were significantly larger than the median HI-listener binaural benefits (p<0.05). Inter-
subject variability in binaural benefits was high within both groups, with binaural 
benefits ranging from about 0 to 7 dB (NH) and 0 to 5 dB (HI). 
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FIG. 3.6: Symmetric benefits of spatial separation. Total benefit is on the top, 
monaural benefit in middle, binaural benefit on the bottom. NH benefits are on the left; 
HI benefits on right. Mean benefits among the groups of listeners and standard 
deviation is on the far right. Data for Hill (who did not exceed the Duquesnoy 1983 
audibility criterion) is plotted in a different shade than the other HI listeners. The mean 
benefits are based on Hil-HilO, only. NH benefits were significantly higher than HI 
benefits in total benefit and binaural benefit, but not in monaural benefit (p=0.05 
criterion). 
Anti-symmetric 
Anti-symmetric benefits of separation are shown in Fig. 3.7. Total benefits are 
shown in the top panels, monaural benefits in the middle panels and binaural benefits in 
the bottom panels, with data for NH group (15.0± 2.4 dB) on the left and data for HI 
group (8.6 ±2.9 dB) on the right. The median total benefit was larger for the NH group 
than it was for the HI group (p<0.05). Benefits ranged from 11.2 to 18.3 dB in the NH 
group and from 3.6 to 14.4 dB in the HI group. Large monaural benefit was observed for 
both the NH (11.0± 1.1 dB) and HI (8.2± 1.7 dB) groups. Anti-symmetric binaural 
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benefit was larger for the NH group (3.9± 2.1 dB) than the HI group (0.5± 2.8 dB) 
(p<0.05, for the medians). Large inter-subject variability in binaural benefit was 
observed for the NH group, with binaural benefits varying from -0.2 to 5.8 dB and for the 
HI group, with binaural benefits varying from -2.5 to 4.8 dB. For the NH group, the anti-
symmetric binaural benefit range was very similar to the symmetric binaural benefit 
range. In the HI group, the upper-end of the range was similar to that of the symmetric 
condition, but due to some binaural benefits being negative, the lower-end of the range 
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FIG. 3.7: Anti-symmetric benefits of spatial separation. Total benefit is on the top, 
monaural benefit in middle, binaural benefit on the bottom. NH benefits are on the 
left; HI benefits on right. Mean benefits among the groups of listeners and standard 
deviation is on the far right. Data for Hill (who did not exceed the audibility 
criterion) is plotted in a different shade than the other HI listeners. The mean benefits 
are based on Hil-HilO, only. NH benefits were significantly higher than HI benefits 
in total benefit, monaural and binaural benefits (p<0.05). Note: anti-symmetric 
binaural benefits based on right ear- better data alone for NHI, NH8, NHl 0 and Hill. 
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3.3.3 Simulated monaural thresholds and monaural benefits 
Fig. 3.8 shows simulated colocated thresholds and simulated monaural anti-
symmetric thresholds (as described in Methods section 3.2.8) against actual thresholds 
for the same conditions, for NH listeners on the left and for HI listeners on the right. The 
predicted monaural thresholds for the colocated configuration for the NH thresholds did 
not change by more than 0.1 dB among all listeners, despite small variations in the 
audiogram for each listener, and were left-right-symmetric. Monaural SRTs in NH were 
consistently predicted to be lower than observed. Simulated monaural SRT in NH was 
2.6 dB lower than the mean actual threshold in the colocated condition and 4.5 dB lower 
than mean actual threshold in the anti-symmetric condition. Simulated monaural SRT in 
NH was also 3.5 dB lower than mean actual threshold in the symmetric condition (not 
shown). 
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FIG. 3.8: Simulated (diamond, x) against actual monaural thresholds (circle, triangle) 
for colocated and anti-symmetric configurations. Simulated thresholds were attained 
via a modified version of the speech intelligibility index (SII). Simulated colocated 
thresholds are shown below the measured colocated thresholds. Simulated anti-
symmetric monaural thresholds are shown below the measured monaural thresholds. 
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A similar pattern of predicted SR Ts being lower than actual SR Ts was observed 
for the HI group. On average, predicted thresholds were 2.6 dB lower than actual 
thresholds for the colocated condition and 5.8 dB lower in the anti-symmetric condition. 
Also, on average, predicted thresholds were 3.2 dB lower than actual for the symmetric 
condition. 
Fig. 3.9 shows simulated monaural benefits against actual monaural benefits for 
the anti-symmetric condition, for the NH listeners (in the left panel) and for the HI 
listeners (right panel). Mean simulated monaural benefit was 1.9 dB lower than mean 
actual monaural benefit for the anti-symmetric condition among the NH listeners. On 
average, simulated monaural benefit was 3.7 dB lower than actual monaural benefit for 
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FIG. 3.9: Simulated monaural benefits (x), against actual monaural benefits for 
colocated and anti-symmetric configurations (bars). Simulated monaural benefits are 
shown, for each listener for NH on the left, and for HI on the right, against the actual 
monaural benefits. 
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3.3.4 Correlations between performance in speech tasks and hearing loss 
In this section, the extent to which raw thresholds measured in any of the speech 
tasks or benefits for any of the speech tasks significantly correlated with hearing-loss in 
the HI group is considered. 
Raw thresholds 
Colocated SRTs significantly correlated with average hearing loss among HI 1-10 
(R2=0.5, p<0.05). The slope of the data fit was 0.8 dB per 100 dB in average hearing 
loss, meaning that while colocated SRTs increased slightly with average hearing loss, the 
effect was small. In the symmetric condition, performance did not significantly correlate 
with average hearing loss. In the anti-symmetric condition, thresholds significantly 
correlated with average hearing loss (R2<0.64, p<0.05), so that each 100 dB in hearing 
loss resulted in a 20 dB drop in performance. 
Benefits 
Fig. 3.10 describes the extent to which benefits of separation significantly 
correlated with hearing loss for the HI group in the symmetric and anti-symmetric 
configurations, for total benefit (upper panels), monaural benefit (middle panels) and 
binaural benefit (lower panels). Benefits for NH are plotted in circles on the left in each 
subplot, and benefits for HI are plotted according to subject number on the right in each 
subplot. Symmet~c benefits are plotted as a function of hearing loss on the left half of 
Fig. 3.10. Among neither group did either total benefit, monaural benefit or binaural 
benefit for the symmetric condition significantly correlate with average hearing loss. 
Anti-symmetric benefits as a function of hearing loss are shown on the right half of Fig. 
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FIG. 3.10: Correlations between benefits and hearing loss. Data fits shown for the 
Hil-HilO group in total benefit, monaural benefit and binaural benefit vs. hearing 
loss. Symmetric data are on the left, anti-symmetric data is on the right. Normal-
hearing data plotted in circles, within each panel. Hearing-impaired data is plotted in 
numbers. Hill is plotted in a different shade. Data fit was significantly significant in 
case of anti-symmetric binaural benefit against hearing loss, in the HI group. 
3.10. For no type of benefit was there a significant correlation for the NH group in the 
anti-symmetric condition. Anti-symmetric total benefit decreased by 13 dB per 100 dB 
increase in average hearing loss for the HI group, but the correlation was not statistically 
significant. There was little dependence of monaural benefit on average hearing loss, for 
either group. The binaural benefit decreased by 16 dB per 10 dB increase in hearing loss 
for the HI group (R2=.55, p<0.05). The correlation for the HI group became insignificant 
when HI 9-11 were no longer included in the group. This means that the correlation only 
was significant when the listeners with the more severe losses were included in the group. 
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3.4 Discussion 
In this section, thresholds measured and the benefits calculated for each 
experimental condition are discussed and compared with those described in the literature. 
Whether the benefits were positive or negative, and the extent to which the thresholds 
and benefits significantly correlated with both hearing loss and interaural difference 
JNDs (as measured in the same listeners in Chapter 2) is discussed. Thresholds measured 
in the various tasks for special-case HI9 are discussed, as is the extent to which the NH 
listeners performed differently than the HI listeners in the various tasks. Throughout this 
section, "total benefit" of separation is used interchangeably with "spatial release from 
masking". 
3.4.1 Interpretation of the various binaural thresholds in NH and HI listeners 
For both current-study subject groups, the standard deviation of the measured 
thresholds was higher in the spatially-separated conditions than in the colocated 
condition. This suggests that while there could have been inter-subject differences in 
general attentiveness or listening effort, inter-subject differences also were likely brought 
about by differences in sensitivity to features in the waveforms brought about by the 
spatially-separated conditions. 
Measured thresholds for both NH and HI listeners in the colocated and symmetric 
conditions were in close agreement with those found by Carr (2010) in the zero pitch-
difference condition. The stimuli used by Carr (2010) in the zero pitch-condition were 
the same as those used in the current study. Current-study colocated thresholds were 
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about 3 dB on average in NH listeners and 4 dB on average in HI listeners, compared to 
about 4 dB in NH listeners and 5 dB in HI listeners in the Carr (2010) study. Symmetric 
thresholds were about -3 dB on average in NH listeners and 0 dB in HI 1-10, compared to 
-3 dB on average in NH listeners and 0 dB on average in HI listeners measured by Carr 
(201 0). 
Measured thresholds for both NH and HI listeners in the anti-symmetric condition 
were lower than those measured by Carr (2010). Anti-symmetric thresholds were about-
12 dB on average for the NH listeners and -5 dB on average for the HI listeners, 
compared to -10 dB on average for the NH listeners and -0.5 dB on average for the HI 
listeners measured by Carr (2010). The reason for the lower measured thresholds for the 
current study, as compared to the Carr (2010) study is unknown. The current-study 
subjects may have benefitted from more training than the Carr (2010) subjects. 
Accordingly, the colocated thresholds for the current study were slightly lower than those 
for the Carr (2010) study. However, symmetric thresholds measured for the two studies 
did not differ, for either subject group. If difference in training for the two studies is 
responsible for the difference in anti-symmetric thresholds, then one would have 
expected for the symmetric thresholds to have differed among the studies. 
The colocated thresholds were similar for both groups to those measured by 
Marrone et a/. (2008a,b), who used different-talker maskers in a low-reverberation 
condition. As described by Marrone et a/. (2008b ), that the measured thresholds were 
highly similar across listener and stimulus-type for the different studies suggests that the 
listeners likely had a reliable source segregation cue available to them, thought to be the 
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overall level of the target. In the symmetric condition, thresholds measured in NH were 
higher than those measured by Marrone et a!. (2008b) (about -8 dB on average) and 
Marrone et al. (2008a) (about -10 dB on average), while thresholds measured in HI were 
about the same on average as those measured by Marrone et a!. (2008b) (0 dB on 
average). 
3.4.2 Interpretation of the total benefits measured in NH listeners and m 
listeners 
That the colocated thresholds measured in NH listeners were similar across the 
studies using different corpora while the symmetric thresholds measured in NH were 
lower (better performance) for the studies using different-talker speech maskers than for 
those using monotonized versions of the same talker suggests that the higher total 
benefits ("spatial release from masking") for the studies using different-talker maskers 
was mostly driven by differences in performance thresholds between the studies in the 
symmetric condition, as opposed to in the colocated condition. The differences between 
performances in the symmetric but not colocated condition can be explained in terms of 
informational masking. 
In both the studies using different-talker maskers (Marrone et al., 2008a,b) and 
those using monotonized same-talker maskers (Carr, 2010; current study), IM was 
presumably high in the co located condition due to use of the CRM corpus, in which the 
confusability factor is high (Carr, 2010). For the studies using monotonized same-talker 
maskers, high source-similarity presumably contributed to IM, while for those using 
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different-talker maskers, 1M was contributed to uncertainty caused by randomizing which 
talker was the target over the course of trials. 
In the symmetric condition, 1M was presumably lower relative to that of the 
colocated condition, as the result of the listeners being able to use interaural difference 
sensitivity to perceive the target and maskers as coming from different locations in space 
and focus on the spatial location of the target, to reduce uncertainty. However, measured 
symmetric thresholds were higher for the studies using monotonized talker maskers than 
for those using different-talker maskers. This suggests that as a result of high source-
similarity in the monotonized same-talker condition, IM was only partly released as a 
result of spatial separation, as compared to the higher release from IM for the different-
talker masker condition. 
The average symmetric threshold among the current-study HI listeners was 
similar to that found by Marrone eta/. (2008b), in spite of use of different-talker maskers 
by Marrone et a/. (2008b ). Various explanations for poor performances by the HI 
listeners in the different-talker masker condition, including reduced temporal resolution 
and frequency resolution, and reduced source perceptual segregation, were discussed 
extensively by Marrone et al. (2008b) and Best eta/. (2012, 2013a). 
3.4.3 Interpretation of the binaural benefits measured in NH listeners and m 
listeners 
In the current-study symmetric condition, average monaural benefits for both NH 
and HI listeners were only about 1 dB, while anti-symmetric average monaural benefits 
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were about 11 dB for the NH listeners and 8 dB for the HI listeners. Average binaural 
benefits for NH were about 5 dB in the symmetric condition and 4 dB in the anti-
symmetric condition, while average binaural benefits were about 2 dB in HI in the 
symmetric condition and 1 dB for HI in the anti-symmetric condition. 
The intention of calculating binaural benefits is to give an indication of which 
subjects benefited the most from sensitivity to interaural differences. The "division" of 
monaural versus binaural benefits should be considered cautiously, as certain processes 
could have contributed to both monaural benefits and binaural benefits. For example, 
greater head-shadow would be expected to lead to both a better monaural better-ear and 
also larger ILDs. 
Since the monaural benefits were calculated and factored out from the total 
benefits, and since average binaural benefits were positive, one would think that the 
average listener benefitted from sensitivity to interaural differences. However, this 
interpretation also must be taken with care, as for the symmetric condition, it is possible 
that the listeners may have used a dynamic, monaural glimpsing strategy (e.g., Marrone 
et al. 2008a; Brungart and Iyer 2012) to obtain binaural benefit. 
As expected, the binaural benefits for the NH listeners were, on average, smaller 
than those found for NH with different-talker speech maskers used by Marrone et al. 
(2008a) in the ±90° symmetric condition. Hawley et al. (2004) studied binaural benefits 
in a (+30° /-90°) symmetric-like condition and in a 90° anti-symmetric condition in NH 
listeners, using the IEEE corpus with different-talker maskers. The average binaural 
benefits were slightly larger for NH in both conditions in the Hawley study as compared 
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with in the current study, but note major differences in the experimental protocols for the 
two studies. 
The binaural benefits for the symmetric condition in the Hawley et al. (2004) 
study were slightly larger than the binaural benefits for the anti-symmetric condition of 
that study. That agrees with the finding of slightly larger binaural benefits in the 
symmetric condition than in the anti-symmetric condition for the NH listeners of the 
current study. 
3.4.4 Interpretation of the monaural benefits in NH and HI listeners 
The various sizes of the monaural benefits calculated for the symmetric condition, 
as compared with for the anti-symmetric condition suggest that the listeners benefitted 
from sensitivity to monaural cues much less in the symmetric condition than they did in 
the anti-symmetric condition. 
Current-study anti-symmetric monaural benefits were higher for the NH listeners 
than they were for the HI listeners. The likely cause is better high-frequency audibility 
for the NH listeners than for the HI listeners, allowing the NH listeners to benefit more 
than the HI listeners from head-shadow, the frequency-dependence ofwhich was plotted 
for the current-study stimuli by Carr (2010). 
Current-study anti-symmetric monaural benefits were 11 dB on average for the 
NH listeners, higher than the 4 dB average monaural benefits for NH listeners calculated 
by Hawley et al. (2004). The reason for the large discrepancy is unknown, but there were 
differing amounts of 1M in the tasks of the different studies. While the current study 
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CRM corpus led to masker selection errors (Carr, 2010), predictability was aided in the 
current study by the use of a closed-set corpus. Hawley et a/. (2004), on the other hand, 
used sentences from the open-set IEEE corpus but provided transcripts of the sentences to 
the listeners before each trial to increase predictability. 
Monaural benefits reported by Santurette and Dau (2012) were about 7 to 10 dB 
in NH for the 105° from-midline condition measured with a single speech-shaped noise 
interferer. Seven to 10 dB is higher than the 4 dB average monaural benefit found by 
Hawley eta/. (2004) but lower than the 11 dB average monaural benefit found for the 
current study. 
3.4.5 Comparison of monaural benefits to predicted monaural benefits 
Measured monaural SRTs were about 2 to 4 dB higher than those predicted by the 
SII. This may have to do with the SII being a generic tool for predicting SRTs in masked 
speech intelligibility conditions, in contrast to how the experimental tasks in the current 
study measured performance with specific types of stimuli. The SII does not take into 
account the type of masker used, or the confusability-factor of the corpus. For the current 
study, monotonized same-talker maskers were used and the confusability factor for the 
corpus was high. These factors could have led to relatively poor measured thresholds for 
the current study, as compared to the model. 
While predicted colocated and monaural thresholds were lower than measured, 
the model captured some important trends in the monaural benefit data. First, it correctly 
predicted that the average HI listener would benefit less from head-shadow than the 
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average NH listener (predicted difference in average monaural benefit between the 
groups was 1.8 dB, compared to the measured difference of 2.8 dB). That the model 
captured part of this difference suggests that the HI listeners partly performed more 
poorly than the NH listeners in this condition due to lack of audibility in the high 
frequency regions of speech, limiting ability to benefit from head-shadow. 
That the model did not completely capture the difference in monaural benefit 
between the subject groups suggests that the HI listeners partly performed more poorly 
than the NH listeners, due to other monaural factors, aside from audibility. One factor is 
SNR at threshold. SNRs at threshold differed slightly between the NH and HI groups, 
which may have put the HI listeners at a slight disadvantage, compared to the NH 
listeners (Bernstein and Grant, 2009). Increased energetic masking in HI listeners 
(discussed by Best et al., 2012, 2013a, for example) may have contributed. Reduced 
audibility in HI could have caused a loss of coding of low-frequency information by 
fibers sensitive to the high-frequency components of sounds (Horwitz et al., 2002). 
The model captured some but not all of the inter-subject variability in monaural 
anti-symmetric benefit for the HI group. Both predicted and actual monaural benefits 
were higher for HI5 than HI4, in spite of HI5 having the greater of the two average 
hearing losses, for example. Both predicted and actual monaural benefits were similar for 
HI8 and HI9. The model missed observed trends in the data, such as predicting the 
difference in monaural benefit between Hll and HI2 to be lower than actually-measured. 
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3.4.6 Discussion of effect of hearing loss on benefits 
In the symmetric condition, neither binaural benefits nor total benefits 
significantly correlated with hearing loss in the HI group. However, in the anti-
symmetric condition, binaural benefits decreased with hearing loss for the HI listeners. 
Since the decrease was unique to the anti-symmetric condition, it is possible that factors 
specific to this condition would have led to the significant correlations. Three 
possibilities are discussed. 
First, level differences for the different conditions at threshold could have resulted 
in differences in spread-of-masking at the ears for the different conditions. The levels of 
the target and masker were lower at threshold at the anti-symmetric better-ear than they 
were at the anti-symmetric poorer-ear or at either ear of the symmetric condition. Levels 
might have led to low enough spread-of-masking at the anti-symmetric better-ear for 
those with mild losses, such that they would be able to resolve the target amid the 
maskers, better than they were able to in the symmetric condition, and better than any of 
the other HI listeners for the anti-symmetric condition. This would have led to individual 
differences for the anti-symmetric condition, and seems like a possible explanation, in 
light of the importance given to EM with respect to speech perception amid separated 
speech maskers in HI listeners (e.g., Best et al., 2012). 
A second possible factor is loudness-recruitment. In the anti-symmetric 
condition, as a result of the head-shadow, each masker decreased in broadband level by 
about 10 dB at the poorer-ear, compared to the better-ear. While monaural better-ear-
alone thresholds were measured only in the presence of the quieter better-ear maskers, 
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binaural thresholds were also measured in the presence of the higher-level, poorer-ear 
maskers. In order for binaural benefit to have been positive, the binaural threshold, 
measured amid the poorer-ear maskers, would have had to have been lower than the 
monaural threshold. Due to loudness recruitment, the perceived loudness difference 
between better-ear and poorer-ear maskers grows with hearing loss. This would have 
made it especially difficult for the listeners with the more severe losses to have obtained 
positive binaural benefits. On a related note, however, with increased perceived loudness 
between the ears, perceived ILDs would also be higher. This would theoretically make 
the task easier for the listeners with the more severe hearing losses. 
A final possible factor is low-frequency audibility. In the anti-symmetric 
condition, the target and better-ear masker were lower in level at threshold than the target 
and maskers in the symmetric condition. It is possible that due to missing out on low-
frequency information in the low-level portions of the dynamic range, especially in the 
anti-symmetric condition, the listeners with the more severe losses may have missed out 
on low-frequency lTD and ILD information. It was found for the Hil-HilO group but 
not for the HI1-HI8 group that anti-symmetric binaural benefits significantly correlated 
with low-frequency hearing loss (mean hearing loss for 250 Hz, 500 Hz, 1 kHz 
frequency-bands (p<0.05). 
3.4. 7 Observation of negative binaural benefits 
The current-study data fits to binaural benefits for the symmetric condition plotted 
as a function of hearing loss for HI listeners predict positive binaural benefits in this 
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condition for virtually all HI listeners. On the other-hand, the data fit to anti-symmetric 
binaural benefit as a function of hearing loss predicts that those with losses of ~60 dB or 
more would actually not benefit from listening with two ears over listening with one ear. 
Of interest is the extent to which these findings of negative binaural benefits would 
generalize as a function of level, SNR and type-of-masker. Santurette and Dau (2012) 
found binaural benefits of 0 to 6 dB in 14 mild hearing-loss listeners in the 105° single 
speech-shaped noise masker condition. This is consistent with the current-study's finding 
of positive anti-symmetric binaural benefits for mild hearing-loss listeners. It should be 
kept in mind that binaural advantages may depend on the azimuthal positions of the 
sources in the rooms, as suggested by Hawley et a/. (1999). 
3.4.8 Correlation with interaural difference sensitivity thresholds 
The current study examines the extent to which interaural difference sensitivity is 
significantly correlated with speech intelligibility as measured in the symmetric and anti-
symmetric conditions, with stimuli monotonized to a fundamental frequency of 100 Hz. 
Interaural difference sensitivity is considered with respect to lTD JNDs, ILD JNDs and 
ICC JNDs, measured at both low and high frequency in Chapter 2. 
In the current study, correlations between raw thresholds, total benefits and 
binaural benefits for the speech tasks with interaural difference sensitivity thresholds are 
considered, for both NH and for HI listeners. Correlations were also considered for a 
group of listeners (Hll-HI8) with less-than severe (70 dB, on average) losses. 
Correlations for this third group were considered, for a couple of reasons. First, anti-
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symmetric binaural benefit only decreased with hearing loss when HI9 and Hll 0 were a 
part of the HI group. Second, HI9's age may have detrimentally-impacted the subject's 
performances in the speech tasks, but not in the interaural difference sensitivity tasks. 
While HI9's SRTs were very poor, the subject's interaural difference sensitivity 
thresholds reported in Chapter 2 were the best among all listeners. Along these lines, 
Marrone eta/. (2008b) and Neher eta/ (2009) both showed that SRTs in the symmetric 
condition were poorer for the older listeners than for the younger listeners. 
In this section, the extent to which the correlations found to be significant for the 
current study agrees with the correlations found to be significant in other studies is 
assessed. Studies which measured speech intelligibility in the presence of noise maskers 
were not considered, as these kinds of maskers are not relevant to the problem of 
understanding the factors related to speech intelligibility amid speech maskers. 
Furthermore, studies measuring SRTs amid noise maskers were not considered due to the 
possibility that some of the factors which are important for speech intelligibility amid 
spatially-separated maskers could differ, depending on whether the maskers are speech or 
noise. For example, IM is clearly higher for a speech target when the maskers are 
speech, as compared to when they are noise (Kidd eta/., 2010). 
Symmetric condition--NH 
No significant correlations with interaural difference sensitivity thresholds were 
found for the NH group of the symmetric condition. This was true, regardless of whether 
performance in the symmetric condition was defined as total benefit, binaural benefit or 
raw thresholds. The performance thresholds for NH5 and NH9 stood out, when 
90 
comparing performance thresholds for the listeners across the different tasks. While NH5 
performed among the better of the NH listeners in the interaural difference sensitivity 
measurements and the poorest among NH listeners in the symmetric speech intelligibility 
task, NH9 performed among the poorest of the NH listeners in the interaural difference 
tasks but among the better in the speech intelligibility task. 
The lack of significant correlations for NH group in the symmetric condition 
disagrees with significant correlations for the symmetric condition found by Ruggles et 
a/. (2011). Ruggles et a/. (2011) found significant positive rank-order correlations 
between the thresholds gathered among the top- and bottom-quartile of 42 NH listeners in 
speech tasks in which a digit stream was spoken by the talker amid same-talker maskers 
at ±15° apart and both sensitivity to 750-Hz pure-tone frequency-modulation. Ruggles et 
a/. (2011) attributed the significant correlation to importance of sensitivity to subtle 
timing differences in neural spikes in both frequency-modulation detection and lTD 
sensitivity, and importance of sensitivity to fine time differences in the speech task with 
maskers relatively close to the center. The way in which the subjects were pooled in the 
Ruggles eta/. (2011), as differently from the current study, could have been a factor for 
why there was a correlation for that study but not for the current study, as only the top 
and bottom-quartile of listeners were assessed in the Ruggles et al. (2011) and that group 
of listeners was larger than for the current study, giving the study more statistical power 
and leading to "p" being lower. Another possibility is that lTD sensitivity could have 
been more of a factor at the ±15° masker condition (Ruggles study), as compared to the 
±60° masker condition of the current study, where the maskers give rise to larger ITDs, 
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relative to midline than in the ±15° case. Kidd et al. (2010) showed that the rank-orders 
for NH differed for the different-talker masker condition, for maskers at ±15°, as 
compared to at ±60°, suggesting that the extent to which performances in the symmetric 
task significantly correlates with performance in interaural difference tasks can depend 
on symmetric masker azimuthal angle. 
Ruggles et al. (2011) also found a positive rank-order correlation for phase-
locking value. Phase-locking value is a measure of the consistency of the evoked signal's 
phase for a given frequency for frequencies of spanning the first five harmonics of the 
input syllable (/dahl). It reflects the strength at which sub-cortical portions of the 
auditory pathway are able to encode the fundamental-frequency of the input sound 
(Ruggles et al., 2011). 
Symmetric condition--HI 
No significant correlations (of p<0.05) were found for the HI group between 
SRTs in the symmetric condition and interaural difference sensitivity thresholds, 
regardless of whether the Hll-Hil 0 group or the Hll-HI8 sub-group of the current study 
was considered. Note, however, that for the HI subgroup, interaural difference sensitivity 
thresholds did explain a relatively large proportion of the variance of the raw SRTs in the 
symmetric condition, with r for some interaural difference sensitivity thresholds were 
relatively high, when plotted as a function of SRTs measured in the symmetric condition: 
(r2<0.2, 500 Hz ICC; r2=0.42, 4 kHz ICC; r2=0.25 500 Hz ILD; r2=0.41, 4 kHz ILD; 
r2=0.41, 500Hz lTD). This suggests that interaural difference sensitivity should not be 
ruled out as important for the symmetric condition. Even so, lack of statistically-
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significant correlation suggests that there are other key factors, in addition to interaural 
difference sensitivity for the symmetric speech task. 
For the HI group, Neher et al. (2012) found average interaural phase difference 
(IPD) sensitivity (among thresholds measured at 250, 500 and 750 Hz), measured in 
seventeen un-aided HI listeners, significantly correlated with SRTs measured in the 
presence of different-talker maskers placed at ±50° in an aided condition. More listeners 
were gathered in that study, giving that study more statistical power than the current 
study and leading to a lower "p". The fact that the HI listeners of that study listened in 
the presence of different-talker maskers may have made it easier for the listeners 
(especially those with mild losses) to resolve the sources monaurally, so that EM may 
have been less of a limiting factor (as can be for HI listeners, as discussed by Best et al., 
2012 and Best et al., 2013a). Counter-evidence for this idea, however, is that Marrone et 
al. (2008b) found that the HI listeners performed quite poorly in the symmetric condition, 
even when different-talker maskers used. 
Neher et al. (2011) found that cognitive factors may also be important for HI 
listeners in the symmetric speech condition. In the study, it was shown that in older 
listeners, performance in a visual switching attention task in which the listeners had to 
change their focal point of attention over time in response to a slow-moving stimulus 
significantly correlated with SRTs in the symmetric condition but not with SRTs in the 
colocated condition or SRTs in a "front/back" masker condition. 
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Anti-symmetric condition-NH and HI 
Raw SRTs in the anti-symmetric condition did not significantly correlate with any 
interaural difference sensitivity thresholds for either the NH group or the Hll-HilO 
group. Interaural cross-correlation at 500 Hz and ICC at 4 kHz each significantly 
correlated with anti-symmetric thresholds measured for the Hll-HI8 subgroup. It is not 
surprising that there were few significant correlations for the anti-symmetric raw SRTs, 
given that part of the individual differences in anti-symmetric SRT can be attributed to 
differences in the monaural benefits. 
For the NH group, total benefit for the anti-symmetric condition significantly 
correlated with lTD at 500Hz and ILD at 4kHz (p<0.05, for each correlation), while for 
the HI group, total benefit in the anti-symmetric condition only significantly correlated 
with ICC measured at 500 Hz. 
By comparison, Hawley (2000) calculated total benefit for the anti-symmetric 
condition (averaged among the one-, two- or three- different-talker masker conditions), 
measured Masking Level Difference (MLD: NoSn detection- NoSo detection) for tones 
centered at 250, 315, 500, 1000, 1600 and 2500Hz, and measured both lTD JNDs at 500 
Hz and ILD JNDs at 500Hz and at 4kHz, all in the same 5 NH and 8 HI listeners. For 
the NH listeners, no significant correlations were found, while for the HI group, 
significant correlations were found for MLD at 315, 500 and 2500 Hz. The lack of 
significant correlations for the NH group may have been driven by the limited numbers of 
NH listeners used in that study and the lack of training in those listeners in the lTD and 
ILD tasks. Occurrence of significant correlations for MLD but not the other tasks for the 
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HI group agrees with the current study's finding of only thresholds in time-varying 
interaural difference sensitivity correlating with thresholds measured in the anti-
symmetric condition. The overall lack of significant correlations for total benefit of both 
groups and both studies is un-surprising given that total benefit, like raw SRTs, is 
affected by the benefit of monaural listening at the better ear. 
Table 3.2 describes the extent to which binaural benefits significantly correlated 
with interaural difference sensitivity thresholds for the NH group (left), for HI-Hil 0, who 
met the Duquesnoy (1983) criterion (middle) and for Hll-HI8 (right). Fig. 3.11 shows 
scatter plots of anti-symmetric binaural benefit as a function of interaural difference 
sensitivity thresholds. Scatter plots are shown for lTD at 500Hz (upper panels) and for 
ILD at 4kHz (lower panels), for NH in the left panels, and for the HI in the right panels. 
TABLE 3.2: Correlations between interaural difference sensitivity and binaural benefit. 
R-squared is shown in this table, with statistically significant correlations (p<0.05) in 
bold. In the left column is NH, in the middle column is Hll-Hil 0. In the right column 
is Hll-HI8. 
Binaural benefit NH Binaural benefit Binaural Benefit HI 1-8 HI 1-10 
ICC 
500 0.28 0.29 0.34 
ICC4k 0.39 <0.2 0.79 
lTD 
500 0.51 <0.2 0.54 
ITD4k 0.39 N/A N/A 
ILD 
500 <0.2 <0.2 0.53 
ILD4k 0.67 <0.2 0.64 
Note that some HI listeners were not measured at 4kHz at high frequency. Also, some 
thresholds for HI 4 kHz were un-measurable. As a result, N=7 in HI group for ICC at 4 
kHz, N=4 for lTD at 4kHz, and N=6, for ILD at 4kHz in the Hll-HI8 group. 
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For both groups of listeners, more statistically-significant correlations with 
interaural difference sensitiivty thresholds were found for binaural benefits than for total 
benefits or for raw thresholds in the anti-symmetric condition. For the NH group, 
binaural benefits significantly correlated with lTD at 500Hz, ILD at 4kHz and lTD at 4 
kHz (p<0.05). For HI, binaural benefits significantly correlated with ICC at 4 kHz, lTD 
at 500 Hz and ILD at 500 Hz. While no significant correlation was found for ILD at 4 
kHz (p>0.05), a high amount of the variance in anti-symmetric binaural benefit was 
explained for by ILD at 4-kHz (r2=0.64). There are no known previous studies to 
compare to, for these specific correlations. 
Correlations for the symmetric and anti-symmetric conditions 
The key finding from these correlations was that for both groups of the current 
study (NH and Hll-HI8), anti-symmetric binaural benefit significantly correlated with 
many of the interaural difference sensitivity thresholds, but symmetric binaural benefit 
did not. This does not suggest that interaural difference sensitivity (and other related 
factors: e.g., phase-locking as related to lTD sensitivity) are unimportant for the 
symmetric condition, altogether, but does suggest that other factors aside from interaural 
difference sensitivity might also be important for the symmetric condition. 
As opposed to the fixed masker locations of the anti-symmetric condition, the 
location of the better and poorer masker in the symmetric condition is time-varying. In 
the symmetric condition an additional factor of importance might be sluggishness (or 
nimbleness) in sensitivity to changes in interaural differences. Several studies have 
attempted to quantify binaural sluggishness (Grantham and Wightman, 1978; Grantham 
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and Wightman, 1979; Holube et al. , 1998; Bernstein et al., 2001; Boehnke et al., 2002) or 
study binaural sluggishness in related to speech intelligibility (Culling and Colburn, 
2000; Culling and Mansell, 2013). In the symmetric condition, while interpreting the 
target sentence in the foreground, it may be important for the listeners to be able to 
quickly lateralize the location of the better (or poorer) masker as a function of time in the 
background. Past measures of binaural sluggishness may or may not be relevant to this 
kind of a dynamic, source-lateralization ability which takes place in the background of a 
speech task. 
That interaural difference sensitivity was found to be important for anti-
symmetric binaural benefit was not surprising. For example, Gallun et al. (2005) found 
that listeners benefited from imposition either ITDs or ILDs on the diotic speech maskers 
presented in conjunction with the in-front target in a high IM context, given that positions 
of the maskers would be rated as laterally different from the target. However, the reason 
for why anti-symmetric binaural benefit at 60° for the current study listeners significantly 
correlated with interaural difference sensitivity is left un-answered. For example, the 
premise of the importance of sensitivity to fine time differences pointed out by Ruggles et 
al. (2011) is based on the maskers being located at ±15°. 
One possible explanation for the current-study correlations is that those who were 
the most sensitive to interaural differences were also the most able to use interaural 
differences to segregate the different sources. Consistent with the relatively small 
binaural benefits found for the monotonized anti-symmetric condition of the current 
study, lTD has been found to be weak as a segregation cue (Culling and Summerfield, 
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1995, Darwin and Hukin, 1997; Darwin and Hukin, 1998), particularly when there are no 
onset cues (Schwartz et al., 2012). However, onset cues are present in the CRM speech 
tasks, and Drennan et al. (2003) found that with training, listeners were able to segregate 
vowels that differed by an lTD or by an ILD. Furthermore, the degree of segregation 
depended on source azimuthal angle in the Drennan et al. (2003) study, and individual 
differences were large. These finding support the current-study findings of large 
individual differences at 60°. 
Another possibility is that poor interaural difference sensitivity JNDs measured in 
all tasks for some of the listeners could indicate impaired processing of a more ubiquitous 
nature, which would have affected anti-symmetric SRTs in other ways. For example, 
poor lTD JNDs could have been an indication of less robustness in phase-locking 
(Strelcyk and Dau, 2009, Hopkins and Moore, 2011, and Ruggles et al., 2011, Neher et 
al., 2012), or caused by deficits at the periphery, even for NH (e.g., Kujawa and 
Liberman, 2009). 
Discussion of possible age-related effects in special-case HI9 
Hearing-impaired subject 9 is unique, with respect to age (70 years), as compared to the 
other subjects. As discussed in 3.4.8, the subject's aging process may have affected 
speech intelligibility in the spatially separated conditions in ways in which interaural 
difference sensitivity was unaffected. Speech intelligibility amid speech maskers was 
likely affected by age through poorer cognitive processing. Along these lines, Neher et 
al. (2009) found significant correlations among aided symmetric SRTs (with different-
talker maskers), spatial release from masking, age (subjects 28-84 years old), and 
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FIG. 3.11: Binaural benefit as a function of 500-Hz lTD and 4-kHz ILD in current-
study NH and HI listeners. Listeners of HI subgroup HI1-HI8 are plotted in black, and 
HI9-Hill are plotted in gray. 
cognitive factors. More specifically, Neher et al. (2011) found significant correlations 
for a symmetric speech intelligibility task with performance in a ''visual elevator" 
switching-attention task in elderly listeners with mild/moderate losses. Cognitive factors 
as related to masked speech intelligibility were also discussed by Pichora-Fuller et al. 
(1995), Pichora-Fuller and Singh (2006) and Marrone et al. (2008b). 
3.4.9 Discussion of differences between NH and HI performances in speech and 
interaural difference sensitivity tasks 
In the current study, NH listeners out-performed the HI listeners in terms of the 
median binaural benefit for both the spatially-separated conditions, regardless of whether 
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HI9-HI11 were included in the HI listener-group (p<0.05), but did not do so in the 
interaural difference sensitivity measurements described in Chapter 2 (although the 
difference between group performances was not assessed for 4kHz lTD). This suggests 
that other factors, aside from interaural difference sensitivity might have affected some of 
the HI listeners in the speech tasks, particularly those such as HI9, whose interaural 
difference sensitivity thresholds were very good, as described in the previous section of 
this document. 
A likely factor is audibility. Not only may have the HI listeners suffered from 
being tested at lower sensation levels than the NH listeners, but they may have also 
missed out on some important information as a result of the lack of audibility. As 
previously discussed in this chapter, some HI listeners may have missed out on low-
frequency ITDs and ILDs. Furthermore, they may missed-out all-together on high-
frequency ILDs. Bronkhorst and Plomp (1989) found that the Hl listeners benefited a 
little less from ITDs and much less from ILDs than the NH listeners for the spatially-
separated single speech-shaped-noise masker condition. For the symmetric condition, 
Kidd et al. (2010) showed NH performances in the bandpass-filtered condition (0-1.5 
kHz information of all sources kept) were poorer than in the full speech-spectrum 
condition, suggesting that audibility might be a factor. 
However, the poorer performance thresholds measured in HI, compared to NH, 
may be an indication that these listeners had other problems that could have arisen in 
multi-talker settings. This seems especially possible, given the extent to which the HI 
listeners were out-performed by the NH listeners in the different-talker symmetric 
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condition of the Marrone et a/. (2008b) study. The problems may have been brought 
about for the HI listeners by simultaneous presentation of speech maskers, as Best et al. 
(2011b) found that while the HI listeners were able to localize as well as the NH listeners 
in quiet, they were less able to do so than the NH listeners in the presence of multiple 
talkers. 
A number of studies have attempted to see whether HI listeners performed more 
poorly than NH listeners in speech intelligibility tasks amid spatially-distributed speech 
maskers, as due to increased EM, or due to processing problems related to IM. Specific 
factors related to increased EM, such as frequency-selectivity, were discussed by 
Marrone et al. (2008a,b) and Best et al. (2012, 2013a). Another possibility is that EM 
could also lead to decreased sensitivity to phase-locking (Henry and Heinz, 2012). As 
related to IM, some HI listeners could lack in analytic listening ability (Kidd et al., 2001) 
or in ability to perceptually organize of sequential stimuli (Grose and Hall, 1996), as 
compared to NH. 
For the symmetric condition, compelling evidence (albeit with stimuli which 
differed from the current study) was proposed in favor of increased EM being a factor for 
the HI listeners. Best et al. (2013a) varied the number of sources to find that 
performance became increasingly difficult for both NH and HI with increasing EM. 
Also, Best et al. (2012) showed symmetric and symmetric reversed-speech thresholds 
measured in NH could be made to mirror those measured in HI through stimulus 
vocoding. 
101 
For the single spatially-separated masker condition, Arbogast et a/. (2005) and 
Best eta/. (2013b) showed that HI listeners benefitted close to as much as NH listeners 
from spatial separation when spectral overlap between target and maskers was reduced, 
suggesting that the HI listeners are not limited by problems related to IM. For the anti-
symmetric single-masker condition, Best eta/. (2011a) found that even in the absence of 
temporal overlap, some HI listeners benefitted less from spatial separation than the NH 
listeners, suggesting they could be limited by problems related to IM in this case (or by 
EM-related forward-masking). 
3.5 Summary 
In the current study, total spatial benefits, and monaural and binaural benefits 
were found for the symmetric and anti-symmetric speech intelligibility conditions for 
both NH and HI listeners. To do so, the CRM corpus was used with all sentences 
monotonized to a constant fundamental-frequency of 100Hz. Neither total nor monaural 
benefits significantly correlated with hearing loss for either of the spatially-separated 
conditions. Binaural benefits in the symmetric condition did not significantly correlate 
with hearing loss, but binaural benefit in the anti-symmetric condition did significantly 
correlate with hearing loss. All listeners benefit from binaural over monaural listening in 
the separated conditions, except for those with severe losses listening in the anti-
symmetric condition. 
This is the first known study to explore the extent to which binaural benefit in a 
speech-on-speech masking condition significantly correlates with interaural difference 
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sensitivity, as measured in lTD, ILD and ICC tasks. The primary finding was that while 
the binaural benefits measured in the symmetric condition did not significantly correlate 
with any interaural difference sensitivity thresholds for either group, binaural benefits in 
the anti-symmetric condition did significantly correlate with many of the interaural 
difference sensitivity thresholds, both for the NH listeners and for a subset of the HI 
listeners. This suggests that while interaural difference sensitivity is a factor for the anti-
symmetric condition, there are other factors for the symmetric condition. A candidate 
factor for the symmetric condition is some form of the binaural temporal window, as 
pertaining to how well the listeners can adapt to changes in location of the better-ear and 




Evaluating the STEC model in predicting binaural benefit in 
speech intelligibility amid spatially-separated speech maskers 
Abstract: In this study, the Equalization-Cancellation model with short-time processing 
(STEC, Wan, 2011) was used to test the extent to which predicted SRTs changed for the 
symmetric and anti-symmetric conditions as different modeling assumptions were made. 
The effect of changing the extent to which model processing parameters were allowed to 
be independent in the different time slices and frequency bands was tested for both the 
monaural and binaural channels of the model. The effect of varying the number of 
channels sent to the decision device (binaural only vs. both monaural and binaural) was 
assessed. Finally, with the role of interaural difference sensitivity in mind, the effect of 
co-varying the time- and intensity-jitter standard deviations for the binaural channel was 
examined. Results showed that, for most cases, predicted SRTs for the binaural channels 
were lower than predicted SRTs for the monaural channels in both the symmetric and 
anti-symmetric conditions, and that predicted SRTs for the binaural channel either did not 
change, or changed by small amounts upon addition of the monaural channels. When the 
duration of the EC-window was varied, predicted SRTs changed by large amounts in the 
symmetric condition but by small amounts in the anti-symmetric condition. When the 
jitter standard deviations were co-varied, predicted SRTs changed by large amounts in 
the anti-symmetric condition but by small amounts in the symmetric condition. When the 
extent to which the processing was independent in frequency was varied, predicted SR Ts 
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in both conditions were affected. These results highlight major differences between the 
symmetric and anti-symmetric conditions. In the symmetric condition, where the 
location of the dominant masker changes over time, the large role of EC-window 
suggests that sensitivity to changes in the location of the dominant interferer is important. 
In the anti-symmetric condition, where the location of the dominant masker is fixed with 
respect to time, the large change in predicted SRTs caused by varying the time- and 
intensity-jitter standard deviations suggests that interaural difference sensitivity is a key 
factor. 
4.1 Introduction 
In this chapter, the experimental results presented in Chapters 2 and 3 are 
described within the context of a recently-developed version of the classic Equalization-
Cancellation (EC) model of Durlach (1963). In Chapter 3, SRTs were measured amid 
spatially distributed speech maskers using the CRM corpus with monotonized same-
talker maskers, a condition for which there was a high amount of IM. SR Ts were 
measured in three spatial arrangements: "colocated": target and maskers in front, 
"symmetric", target in front and maskers at ±60° in azimuth, and "anti-symmetric", target 
in front and maskers both at +60°, or both at -60°. Monaural benefits were determined by 
measuring performance in the spatially-separated condition at the better ear, and binaural 
benefits were calculated as the difference between spatial release from masking and 
monaural benefit. Monaural benefits were predicted in Chapter 3 using a modified 
version of the SII (ANSI, 1997), in which nonlinear terms were removed from the model, 
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so that the only contributing terms of the model were those which were related to 
audibility. In that same chapter, the extent to which the measured SRTs and binaural 
benefits significantly correlated with interaural difference sensitivity thresholds was 
assessed. It was found for both NH and HI subject groups that while binaural benefits for 
the anti-symmetric condition significantly correlated with interaural difference sensitivity 
thresholds as measured in many different frequency bands, binaural benefits for the 
symmetric condition did not significantly correlate with any of the measured interaural 
difference sensitivity thresholds. The lack of correlations for the symmetric condition 
was attributed to how the position of the better and poorer maskers varied with time 
throughout the sentence. It was thought that a type of processing un-related to that 
measured in the interaural difference sensitivity tasks would be important for the 
symmetric condition but not for the anti-symmetric condition. 
To better conceptualize how the processing may differ for the two conditions, we 
used a computational modeling approach. Known existing models were either based on 
"steering the null", to cancel the interference, or "steering the beam", to amplify the 
target. We chose to use the EC model, based on steering the null, over models that are 
based on steering the beam (e.g., Bodden, 1993; Bodden, 1996; Roman, 2003; Wan, 
2011). It was easier to more directly conceptualize the processing for the symmetric 
condition based on a dynamic null-steering mechanism that accounts for the changing 
maskers, rather than based on a beam-steering mechanism that amplifies the target amid 
changing maskers. 
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In this chapter, the SRTs measured in Chapter 3 are predicted using the EC model 
with short-time processing (Wan, 2011), with an un-modified version of the SII as the 
back-end, to see how predicted SRTs changed as a function of making different 
assumptions for the model processing. Specific assumptions explored include the effects 
of window duration in the monaural and binaural channels, the extent to which 
processing in the monaural and binaural channels is independent in the different 
frequency bands, which channels are sent to the decision device, and the extent to which 
the input waveforms are jittered in time and intensity. The computational experiments 
were run with the dual purposes of gaining insights into the processing mechanisms 
which might be important in terms of the experimentally measured SRTs in different 
configurations with varying IM, and better understanding how to best predict SR Ts 
measured in individual listeners in the different configurations. 
4.1.1 General Introduction 
The EC model (Durlach, 1963; Durlach, 1972) was originally developed to 
describe the binaural advantages observed in detecting tones in noise. It has been used in 
a number of studies to predict speech intelligibility in the presence of interfering sources 
with different spatial distributions. In the model, binaural processing takes place in each 
frequency band, in which a pair of equalization parameters, 'to (time equalization 
parameter) and u0 , (amplitude equalization parameter) are chosen to optimally minimize 
the residual energy of the masker after cancellation based on the location of the maskers 
given complete a priori information regarding which sources are the maskers, and which 
source is the target. 
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It has commonly been assumed that the binaural processing is independent in each 
frequency band (e.g., Zurek, 1992; Wan et al. , 2010). In some versions (eg, Wan et al., 
2010) (outlined in Fig. 4.1), it has sometimes been assumed that the binaural processing 
channel operates in parallel with two monaural processing channels. In the monaural 
channels, the target-masker signal-to-noise ratio is calculated in every frequency band. 
At the decision stage, the channel with the highest signal-to-noise ratio is selected in each 
frequency band. Then, information from the different bands are combined to form a 
Speech Intelligibility Index (SII: ANSI, 1997), that calculates the audibility in each band 
and weights it by a frequency-band importance function. 
Recent applications of the model incorporated a short-time window into the 
binaural processing channel. In such applications, the equalization parameters could be 
chosen based on the spatial energy distributions of the sources specific to an interval of 
the sentence, the duration of which was specified by the window (Beutelmann et a/., 
2010; Wan, 2011). Specifically, in the Wan (2011) implementation, as applied by Carr 
(2010), it was assumed that the binaural channel had a 20-ms window with a 10-ms 
overlap. The implementation of this short-time processor specifically allowed the model 
to better predict SRTs measured with modulating maskers present on opposite sides of 
the head (Carr, 2010; Wan et al. , 2011). 
The EC model with short-time processing (STEC, Wan et al., 2011) has built-in 
flexibility which enables the effects of many other modeling processing assumptions to 
be investigated. The nature of the assumptions that should be made may depend on the 
specific experimental task and specific listener in which performance is being modeled. 
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To narrow-down the choices, it would help to know which assumptions do and do not 
affect the predicted SRTs, for a given task. The assumptions tested and the reasons for 
testing them are discussed, below. 
4.1.2 Introduction to conditions tested 
Reasons for investigating the effects of the window are introduced, first. Then, 
the rationale behind varying the extent to which the processing was independent in the 
different frequency bands, varying the number of channels sent to the decision device and 




Binaural SRTs (measured in Chapter 3) were lower in the symmetric condition 
than in the colocated condition. It has previously been proposed that such spatial benefits 
for the symmetric condition could be achieved through a "better-ear glimpsing" 
mechanism, in which the listeners' better ear dynamically changes over time, to take 
advantage of the quiet epochs of masking in each ear (Marrone et al. , 2008a; Brungart 
and Iyer, 2012). In the current study, to explore the effects of better-ear glimpsing from a 
modeling point of view, we assessed how much predicted SRTs changed as a function of 
monaural channel window duration (assuming no binaural processing). The shorter the 
window in the monaural channel, the more often the "better-ear" could be chosen in each 
frequency-band throughout the duration of the sentence. 
To explore glimpsing from a binaural point of view, Carr (2010) and Wan (2011) 
showed improvements in predicted SRTs for the symmetric condition with short (20 ms) 
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windows. It has been suggested, however, (e.g., by Beutelmann et al., 2010) that 
medium windows, perhaps, may be more suitable in order to better match the lengths of 
the listeners' binaural temporal windows. A number of studies have attempted to 
quantify the duration of the "binaural temporal window" (e.g., Grantham and Wightman, 
1978; Grantham and Wightman, 1979; Holube et al., 1998; Bernstein et al., 2001 ; 
Boehnke et al., 2002), employing durations on the order of 25 to 250 ms. To 
approximately match the measured durations of the "binaural temporal window" from 
different studies, we explored the effects of varying the window duration from 10 ms to 
200 ms on predicted SRTs for the monaural channels and for the binaural channel. 
Number of channels 
In some studies (e.g., Beutelmann and Brand, 2006), it was assumed that there 
was only a binaural channel, while in other studies (e.g., Wan, 2011), it was assumed that 
there were both monaural and binaural channels, from which the decision device could 
choose the best signal-to-noise ratio. The extent to which number of channels effects 
predicted SRTs is unclear. In the current study, we tested the effects of the number of 
channels on predicted SRT for the symmetric and anti-symmetric conditions. 
Across-frequency Independence 
The degree to which might listeners benefit from target/masker spatial separation 
in masked speech intelligibility may depend on the degree to which the listener is able to 
perform the binaural processing independently .in each frequency band to optimize the 
signal-to-noise ratio for the frequency band, before combining the binaural information 
across the frequency bands. Past experiments have been conducted to suggest that 
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listeners can perform the binaural processing independently in each frequency band, with 
respect to time-delay, for the low-frequency bands in binaural detection (Akeroyd, 2004) 
and for the low- and high-frequency bands in speech perception in the presence of a 
Brownian noise or different-talker speech interferer (Edmonds and Culling, 2005). The 
extent to which the time- and level-EC parameters can be assumed to be independent in 
each frequency band for the symmetric and anti-symmetric conditions may depend on the 
listener, masker type or masker azimuthal angle. For example, due to IM, listeners may 
be confused for a time-frequency unit about which source is target and which sources are 
maskers. Also, EM may keep some listeners from being able to identify the target as 
distinct from the maskers for some frequency-bands. 
Another open question is that of whether monaural, better-ear selection can be 
assumed to be independent in each frequency-band. Edmonds and Culling (2006) found 
that the system may not be able to exploit advantageous target-masker ratios 
independently in the different frequency bands at the two ears. The extent to which the 
listeners can exploit the better-ear independently in each frequency-band may also 
depend on the difficulty of the task. 
As a result of the extent to which the questions regarding the extent to which the 
binaural and monaural processing can be assumed independent in the different frequency 
bands are open-ended, it seemed appropriate to see how much predicted SRTs changed 
based on whether or not the processing is assumed to be independent or not in each 
frequency band. As a starting point, SRTs were predicted for the extreme cases in which 
the processing was assumed to be the same in every frequency band, and compared to the 
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extreme cases in which it was assumed to be independent for each frequency channel, for 
both the monaural channels alone and for the binaural channel alone. 
Co-varying jitter standard deviations 
In the early versions of the model (Durlach, 1963; Durlach, 1966; Durlach, 1972), 
the standard deviation cr15 of the zero-mean time jitter was assumed to be equal to 105 J..lS, 
while the standard deviation cr€ of the zero-mean amplitude jitter was assumed to be equal 
to 0.25 dB. Lower jitter standard deviations make it easier for the EC mechanism to 
achieve cancellation of the maskers, while higher standard deviations make it more 
difficult. Higher jitter standard deviations result in more noise for the monaural channels, 
and more noise for the monaural channels results in more noise in the binaural channels. 
This may be analogous to how those listeners who are less sensitive to interaural 
differences have more noise in their binaural processing. 
In measuring interaural difference sensitivity m normal-hearing listeners, 
Koehnke et al. (1986) found that some listeners performed much better than others in 
tasks both involving lTD sensitivity and ILD sensitivity. Thus, it seemed valid to explore 
the effects of co-varying together the standard deviations of the time-jitter and intensity-
jitter to the EC mechanism, to test the extent that better or poorer simulated interaural 




4.2.1 EC Model 
All simulations were run using the EC model (Durlach, 1963; Durlach, 1972), as 
implemented by Wan (Wan et al., 2010, Wan, 2011). Briefly, as described in Fig. 4.1, 
input target and masker waveforms were from the Coordinate Response Measure Corpus 
(Bolia et al., 2000). Masker waveforms were scaled such that each masker waveform 
was 65 dB (at the source). Target inputs ranged from +5 dB to -15 dB TIM 
(target/single-masker, at the source). All sources were band-pass filtered into eighteen, 
1/3-octave narrow-bands with a rectangular filter bank before being jittered in time and in 
level. EC operations took place in the binaural channels. The speech intelligibility index 
(SII, ANSI 1997) weighted the audibility in each band, given the channel with the highest 
signal-to-noise ratio, by a band-importance value. 
The SII corresponding to 50% correct for a listener in a speech task may depend 
on the specific speech task and type of listener. However, for the purpose of setting a 
criterion, the input target-to-single-masker ratio corresponding to SII=0.35 was used 
corresponding to roughly 50% correct for NH listeners in speech tasks (Rhebergen and 
Versfeld, 2005). Simulations for all tested conditions were run multiple times, to assure 
that there was a negligible change in predicted speech reception thresholds among the 
different runs of the simulated condition (less than 0.1 dB, standard error over five 
repetitions). 
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FIG. 4.1: Equalization and Cancellation System Block Diagram 
4.2.2 Simulating colocated and monaural performances 
In the colocated condition, when performance was simulated using both the 
binaural and monaural channels, the EC operation cancelled both the target and masker 
by large amounts. The decrease in level in the colocated condition varied from 
frequency-band to frequency-band, but was typically on the order of 25 dB in every 
frequency-band. For many frequency-bands, the resulting SNR for the binaural channel 
was only slightly better than those of the monaural channels. However, as a result of 
information from those bands being sent to the decision device, predicted SRT was 
affected as a result of interactions of the reduced levels with nonlinearities in the SII. 
Because it did not seem like a mechanism analogous to interaction ofpost-EC levels with 
the SII would have affected actual listener performance in the colocated condition, 
colocated thresholds were simulated using the monaural channels, with both monaural 
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channels assumed to be accessible, and just one monaural channel assumed to be 
accessible in simulating the monaural thresholds. 
Monaural performance in the symmetric condition was simulated by giving the 
model access only to one (left or right) channel at a time. Predicted thresholds were 
averaged among the monaural left channel and monaural right channel cases, for each 
listener. In the anti-symmetric condition, predicted SRTs were averaged among 
predicted SRTs for the monaural better-ear left and monaural better-ear right cases. 
4.2.3 Assessing effects of varying the window in the monaural and binaural 
channels 
Windows in the monaural and binaural channels were varied from 10 to 200 ms. 
The overlap between frames was always half-the window length. In the binaural channel, 
single-band reconstruction performed as was performed by Wan (2011). 
4.2.4 Effects of which channel(s) sent to the decision device 
The effects of whether only the decision device had access to only the binaural 
channel or both binaural and monaural channels was investigated for a range of window 
lengths. The "baseline case" was binaural channel only, with processing that was 
optimally selected in each frequency band. The "best case" was when the binaural 
channel with processing independent with respect to frequency was supplemented with a 
monaural channel that was both independent across frequency and had the same window 
duration as the binaural channel. A variety of other monaural channel assumptions were 
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considered, including when the monaural channel was flexible across frequency but had a 
long time window (e.g., Wan, 2011). 
4.2.5 Independence of processing across frequency-band 
To model the extreme of processing being the same in every frequency band in 
the monaural channels, it was assumed that all frequency channels had to come from the 
same ear in the given time slice (the ear giving rise to the best signal-to-noise ratio for the 
time slice). To model the extreme of processing being the same in all frequency bands 
for the binaural condition, it was assumed that the equalization parameters had to be the 
same in every frequency band (based on how to optimally cancel the maskers, for the 
time slice). 
4.2.6 Jitter parameter co-variation 
The baseline conditions of time-jitter standard deviation of 105 f.lS and intensity-
jitter standard deviation of0.25 used by Durlach (1963, 1966, 1972) is appropriate based 
on simulations by Durlach (1966), showing that at the baseline jitter standard deviations, 
the resulting low-frequency lTD JNDs range from 20-45 f.lS. When we increased the 
time-and-intensity jitter standard deviation by a factor of four, predicted 500 Hz lTD 
JNDs using the Durlach (1966) framework increased to a range of80-240 f.lS, which is on 
the order of the same performance measured in NH listeners in Chapter 2. One current 
study listener (described in Chapter 2) had a 500-Hz lTD JND of 11 f.lS, which is lower 
than the 20-45 f.lS range. For the purposes of conducting the current study, we assessed 
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the effects of increasing the jitter standard- deviations by a factor of four, and of 
decreasing the jitter standard deviations by a factor of four. 
4.2. 7 Simulating performance in one example hearing-impaired listener 
Effects of co-varying the standard deviations of the jitter to the EC-mechanism, 
and varying the EC window were assessed for HI5, studied in Chapters 2 and 3, to see if 
some of the results of interest could be replicated for this subject. To do so, this listener's 
audiogram was incorporated into the SII, and the input levels to the model were the same 
as those used in Chapters 2 and 3. 
4.3 Results 
Because for each condition of the results section the standard error in predicted SRT 
across five repetitions for the condition was less than 0.1 dB, the thresholds were reported 
with no error bars. 
4.3.1 Simulating colocated and monaural performance 
In this section, specifically, simulations are run for the colocated and the 
monaural channel alone conditions. The data were not plotted. For the colocated 
condition, predicted SRT depended on the extent to which the waveforms were jittered in 
time and in intensity. When the jitter standard deviations were set according to Durlach 
(1963, 1966, 1972) or decreased by a factor of four from those standard deviations, 
predicted SRT was 5.2 dB, which was 2.1 dB higher than the mean colocated threshold 
measured in the NH listeners. When the jitter standard deviations were increased by a 
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factor of four from those set by Durlach (1963, 1966, 1972), predicted SRT was 4.0 dB. 
Different assumptions tested for the colocated condition, including whether the model 
had access to all channels or one, and whether the monaural channel processing was 
independent in different time sections and in different frequency bands showed no effect 
on predicted SRTs. 
For the monaural symmetric condition, when the jitter standard deviations were 
set according to Durlach (1963, 1966, 1972) or decreased by a factor of four, predicted 
thresholds were 3.8 dB, which is 1.6 dB higher than the mean symmetric monaural 
thresholds measured in NH listeners. Predicted monaural benefit was 1.4 dB, which is 
. 
about the same as the actual monaural benefit measured in the listeners, so a small effect 
of minimal monaural information in the symmetric condition was observed. When the 
jitter standard deviations were increased by a factor of four from the standard settings by 
Durlach (1963, 1966, 1972), predicted SRT was 2.6 dB. In this case, monaural advantage 
was still 1.4 dB, about the same as the actual monaural advantage measured in NH 
listeners in Chapter 3. 
When the jitter standard deviations were set according to Durlach (1963, 1966, 
1972), predicted anti-symmetric monaural threshold was -9 dB, which is 1.1 dB better 
than the mean actual monaural anti-symmetric threshold, of -7.9 dB. Since the colocated 
predicted threshold was higher than the actual threshold and monaural predicted 
threshold was lower than the actual threshold, predicted benefits in the anti-symmetric 
configuration, of 14.2 dB, were 3.2 dB higher than actual, for the NH listeners. When the 
jitter standard deviations were decreased by a factor of four, predicted anti-symmetric 
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monaural threshold was also -9 dB. When the jitter standard deviations were increased 
by a factor of four, predicted monaural SRTs were -10.3 dB for the anti-symmetric 
condition, and mean predicted anti-symmetric, monaural benefit was 14.3 dB, 3.3 dB 
higher than actual for the NH listeners. 
4.3.2 Effect of window duration on predicted SRTs in the symmetric and anti-
symmetric conditions 
Monaural channel alone 
Figure 4.2 shows how predicted-SRT in the symmetric changed as window length 
for the monaural channels increased from 10 ms to 200 ms, assuming jitter standard 
deviations according to Durlach (1963, 1966, 1972). Predicted thresholds are shown for 
the symmetric condition (left) and anti-symmetric condition (right). When window 
length was varied from 10 to 200 ms. symmetric predicted SRT changed from -3.2 dB 
(1 0 ms window) to -1.7 dB (200 ms window), for a difference of 1.5 dB. 
Binaural channel alone 
Figure 4.3 shows how predicted SRTs changed with window length for the 
binaural case, for jitter standard deviations assumed by Durlach (1963, 1966, 1972). 
Predicted SRTs for the symmetric condition are shown on the left, and for the anti-
symmetric condition are shown on the right. Predicted SRT varied from -8.5 dB for the 
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FIG. 4.2: Effects of varying the window length in the monaural channels, alone. Jitter 
standard deviations were assumed, according to Durlach (1963, 1966, 1972). 
Symmetric predicted SRTs are plotted in left panel and anti-symmetric predicted SRTs 
are plotted in the right panel. 
For the anti-symmetric condition, varying the window from 200 ms to 10 ms had 
a very small effect on predicted SRT. Regardless of the window, predicted SRT was -15 
to -16.5 dB. 
4.3.3 Effect of which channels available to decision device 
The effects of sending one or more channels to the decision device was plotted in 
Fig. 4.4, for the symmetric condition, for the 200 ms window condition and with jitter 
standard deviations set by Durlach (1963, 1966, 1972). There was a small effect of 
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FIG. 4.3: Effects of varying the window length for the binaural channels, alone. Jitter 
standard deviations were assumed, according to Durlach (1963, 1966, 1972). 
Symmetric predicted SRTs are plotted in left panel and anti-symmetric predicted SRTs 
are plotted in the right panel. 
different frequency bands. In this case, predicted SRT was -2.6 dB, a 1.2 dB 
improvement from the binaural channel-only condition. When the monaural processing 
had a 200 ms window and was the same in every frequency band, there was still a small 
improvement, with predicted SRTs of -2.4 dB. When monaural channel was independent 
in the different frequency bands but less independent with respect to time (long window 
of 200 ms ), predicted SRT was -1.5 dB. Finally, when monaural channel was the same in 
every frequency-band and when the window was long, predicted SR T was -1.4 dB. 
121 
There was no effect of adding the monaural channel to the binaural channel when 
the binaural EC window was 10 ms (with monaural window duration varying from 10 to 
1600 ms), 20 ms (with monaural window duration varying from 20 to 1600 ms) or 50 ms 
(with monaural window duration varying from 50 to 1600 ms) for the symmetric 
condition. For the anti- symmetric condition, there was no effect of adding the monaural 
channel to the binaural channel, even in the best monaural processing case (when the 
processing was short time and free with un-constrained, with respect to frequency, data 
not plotted). 
4.3.4 Effect of constraining processing across frequency 
Monaural channels alone 
Fig. 4.5 shows the effects of constraining the processing across frequency in the 
monaural channels, for jit~er standard deviations set according to Durlach (1963, 1966, 
1972). Effects for the symmetric condition are shown in the left panel, and for the anti-
symmetric condition in the right panel. A small effect was found for the symmetric 
condition, and no effect was found for the anti-symmetric condition. 
The effect of constraining the EC parameters with respect to frequency is shown 
in Fig. 4.6, for the symmetric condition on the left, and for the anti-symmetric condition 
on the right, for jitter standard deviations assumed by Durlach (1963, 1966, 1972). When 
the equalization parameters were forced to be the same in all frequency bands, predicted 
SRTs increased by more than 10 dB for the anti-symmetric configuration, compared to 3 
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FIG. 4.4: The effects of the number of channels sent to the decision device for the 
symmetric condition with a 200-ms EC window. Jitter standard deviations were 
assumed according to Durlach (1963, 1966, 1972). Five different cases were 
considered: binaural channel only (circle), binaural channel plus monaural channel 
with 200 ms window, processing independent in different frequency bands (square), 
binaural plus monaural with 200 ms window, processing same in each band (upward-
triangle), and binaural plus monaural with 1600 ms window and processing either 




























FIG. 4.5: The effects of constraining the processing across frequency in the monaural 
channels is described for the symmetric (left) and anti-symmetric (right) conditions. 
Un-constrained cases are plotted in black, and constrained cases are plotted in white. 
Jitter standard deviations were assumed to be set according to Durlach (1963, 1966, 
1972). 
4.3.5 Effects of time and intensity jitter in binaural processing mechanism 
The effect of co-varying the jitter standard deviations was assessed for a variety 
of different window lengths, for the symmetric and anti-symmetric conditions. The effect 
of co-varying the jitter standard deviations is described in Fig. 4.7, for the symmetric 
condition on the left, and for the anti-symmetric condition on the right. For the 
symmetric condition, the effect of changing the jitter standard deviations was only mild. 






























FIG. 4.6: The effects of constraining the processing across frequency in the binaural 
channel is described for the symmetric (left) and anti-symmetric (right) conditions. Un-
constrained cases are plotted in black, and constrained cases are plotted in white. Jitter 
standard deviations were set according to Durlach (1963, 1966, 1972). 
(relative to those used by Durlach, 1966) when the window was short, causing about a 4 
dB change in predicted SR T for the 10 ms window condition and a 3 dB change in 
predicted SRT for the 20 ms window condition. When the windows were longer, the 
change in predicted SRT with a 4x change in the jitter standard deviations was 1 dB, at 
most. For the symmetric condition, window length had a larger effect on predicted SRTs 
(about a 7 dB change in predicted SRT for 10 ms window versus 200 ms window) than 
did changes in the jitter standard deviations (largest amount of change for any window 
length was the 5 dB change observed for the 10 ms window). 
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For the anti-symmetric condition, there was a much larger effect of co-varying the 
jitter standard deviations than there was of varying the window length. For the 200 ms 
window, predicted SRT changed from about -16.5 dB for the lowest jitter standard 
deviations to -9.2 dB for the highest jitter standard deviations. The effect of varying the 
window length, from 10 to 200 ms, for set jitter standard deviations on the other hand, 
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FIG. 4.7: The effects of co-varying the jitter parameters. Predicted SRTs for 
symmetric condition is on the left, and anti-symmetric condition is on the right. 
Circles refer to 20 ms window case, squares refer to 50 ms window case, and 
triangles refer to 200 ms window case. 
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4.3.6 Effects of these parameters in HI-listener predicted SRTs 
Predicted SR Ts as a function of jitter standard deviation and window length are 
shown for HI5 in Fig. 4.8. Predicted SRTs for the symmetric condition are plotted in the 
left panel, and for the anti-symmetric condition are plotted in the right panel. When 
window was varied for the symmetric condition from 20 to 200 ms, there was a very 
large effect on SRT predictions for the symmetric condition, as predicted SRT varied 
from -1 to 5.3 dB (for a range of 6.3 dB) for the jitter standard deviations described by 
Durlach (1963, 1966, 1972), but a small effect on predicted SRT for the anti-symmetric 
condition. When the window was fixed at 20 ms and jitter standard deviations for the 
symmetric condition varied, predicted SRTs changed by only 1.4 dB in the symmetric 
condition and by even less in the anti-symmetric condition. 
4.4 Discussion 
4.4.1 Effect of window for the current-study predictions 
When the jitter standard deviations were set according to Durlach (1963, 1966, 
1972) and when processing was assumed to be independent in each frequency-band, 
predicted SRT for the symmetric, 20 ms window condition was -7.4 dB. This -7.4 dB 
predicted SRT for the symmetric condition was in close agreement with predicted SRT of 
about -7 dB found by Carr (2010) for the same stimuli with a 0.35 SII criterion, and 
lower than the predicted SRT of -4 dB (with a 0.338 SII criterion) found by Wan (2011) 
in modeling the (-30/90°) condition of the Hawley (2004) study. 
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Compared to the predicted SRT of -7.4 dB for the symmetric 20 ms binaural window 
condition, predicted SRT for the symmetric 20 ms monaural window condition was -3 
dB. The lower predicted SRTs for the binaural condition as compared with the monaural 
condition advocate for the effectiveness of a cancellation-based kind of binaural 
processing mechanism. The model predictions for the binaural channel alone were 
equivalent to those with monaural channels alone for a 20 ms window when the binaural 
window was 130 ms. However, the current model simulations do not in any way rule out 
that the listeners could have used a monaural glimpsing mechanism to have performed 
the symmetric speech task. Along such lines, it has been argued that binaural processing 
is more sluggish than monaural processing (Holube et al. , 1998). 
While the model does not any way rule out monaural glimpsing over binaural 
cancellation as the mechanism which subjects used, the modeling results do suggest that 
individual differences measured for the symmetric task (e.g., Chapter 3, Marrone et al., 
2008a,b, Kidd et al. , 2010) might be more easily accounted for by a binaural cancelation 
mechanism than a monaural glimpsing mechanism. The effects of window for the 
different experimental conditions, plotted in Figs. 4.2 and 4.3 are discussed for jitter 
standard deviations assumed by Durlach (1963, 1966, 1972) and assumed independence 
of the jitter standard deviations for the different frequency-bands. For the symmetric 
condition, there was a large, 7 dB, effect ofbinaural window (when varied from 10-200 
ms), compared to only a 1.5 dB effect of monaural window, for the same window 
lengths. That there was only a 1.5 dB effect of monaural window for the symmetric 
condition suggests that having a shorter window to "catch glimpses" did not help the 
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model achieve much lower predicted SRTs. That better access to monaural information 
did not help the model much with respect to achieving better performance for the 
symmetric condition is consistent with monaural better-ear information (at one ear) being 
rather unhelpful to the subjects, as monaural symmetric SRTs were not significantly 
different from the colocated SRTs measured in Chapter 3. 
For the anti-symmetric condition, there was only a small, 1.5 dB effect of 
binaural window (10-200 ms). That the effects ofbinaural window duration were larger 
for the symmetric condition than for the anti-symmetric condition suggests that 
nimbleness or sluggishness in which the listeners respond to changes in interaural 
differences is a much more important factor for the symmetric condition than for the anti-
symmetric condition. 
Finally, observe that under the most optimal conditions of the current modeling 
study (shortest window with small jitter standard deviations), predicted spatial release 
from masking for the symmetric condition was about 14 dB, which is about 3 dB lower 
than that found for some subjects reported by Marrone et al. (2008a). Thus, the results of 
the current study suggest that the STEC model could not predict all of the large spatial 
release from masking found in human listeners for the symmetric condition, due to the 
model lacking a mechanism to account for the reduction in IM that accompanies the 
spatial separation of speech sources (e.g., as discussed by Marrone et a/. , 2008a,b and 
pointed out for the model by Wan, 2011). 
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4.4.2 Effects of which channels were available to the decision device 
In the current study, when the jitter standard deviations were as assumed by 
Durlach (1963, 1966, 1972), the binaural-channel alone condition predicted lower 
thresholds than the monaural-channel alone conditions, for the anti-symmetric condition. 
For the symmetric condition, adding the monaural channel to the binaural channel had a 
small impact on predicted performance when the binaural channel and monaural channels 
were both 200 ms in length, as described in Fig. 4.4, but had no effect when the binaural 
and monaural channels were both shorter. 
These results suggest that for the binaural channel in which processmg 1s 
independent in the different frequency-bands, it most often matters little whether the 
binaural channel acts alone, or acts in conjunction with the monaural channels. Along 
those lines, it also matters little whether the monaural channels are assumed to be 
operating in an independent or a constrained manner with respect to time or frequency. 
Additional simulations need to be run, to clarify whether there would be an effect 
of adding a short monaural window to a binaural window that is 50 ms or longer, but 
based on the current-study simulations, it appears that the effects of adding the monaural 
channels would be small for most binaural window lengths, as most predicted binaural 
channel-only thresholds were lower than most predicted monaural channel-only 
thresholds. 
In order to clarify the effect of adding the monaural channels to the binaural 
channel, it would help to quantify the duration of the listeners' actual binaural temporal 
windows. If they are 10 or 20 ms, for example, it would mean that adding the monaural 
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channels would have no effect on predicted SRT. However, if they are longer, there 
could be an effect of adding monaural channels with short windows and independent 
processing for each frequency-band. The binaural windows need to be measured with 
consideration given to the kind of processing that takes place in the symmetric condition. 
4.4.3 Effects of constraining processing across frequency 
Figure 4.5 and Figure 4.6 showed large effects of completely constraining the 
model processing across frequency in the monaural and binaural channels for both the 
symmetric and anti-symmetric conditions. The effect of constraining the processing 
across frequency was smaller for the monaural channels than for the binaural channel. 
When the processing was completely constrained in the monaural and binaural channels, 
predicted SRTs for both conditions were much lower than the actual SRTs. This suggests 
that it is unlikely that the subjects' processing was actually completely constrained with 
respect to frequency for either the binaural channel or the monaural channels. Moreover, 
based on the studies of Akeroyd (2004) and Edmonds and Culling (2005), it would be 
unrealistic to think that the processing was be completely restrained with respect to 
frequency-band, at least for some types of interaural differences and at some frequencies. 
The degree to which the across-frequency processing for the experimental 
conditions studied in Chapter 3 is independent, however, is not well understood. An 
important factor related to how independent the processing can be assumed to be is IM. 
Increased IM would mean more difficulty for the subjects in performing the processing 
independently in each frequency-band. Based on this suggestion, the symmetric-
131 
condition thresholds measured by Carr (20 1 0) in NH listeners could be modeled by 
constraining the processing in the different frequency-bands for the symmetric condition, 
while the Marrone et al. (2008a) data, for less confusable maskers, could be modeled by 
making the processing operations more independent in the different frequency-bands. 
Also, IM could change with spatial angle of the maskers. For example, Marrone et al. 
(2008a) found a nonlinear dependence of spatial release from masking on masker 
azimuth. This angular dependence could be modeled in terms of the whether or not the 
processing is independent in the different frequency-bands. 
4.4.4 Effects of jitter in the symmetric and anti-symmetric conditions 
Predicted SRTs plotted in Fig. 4.7 describe a large effect of jitter standard 
deviation on predicted SRTs in the anti-symmetric condition, and smaller effects of jitter 
standard deviation for the symmetric condition, where the effect of jitter standard 
deviation decreased with increasing window length. These results are consistent with the 
jitter standard deviations having the largest effects for the conditions in which both of the 
maskers were most cleanly canceled when the jitter standard deviations were small. One 
such example was for the anti-symmetric condition, where cancellation was clean for low 
jitter standard deviations as a result ofboth of maskers always being at the same location. 
Masker cancellation was also relatively clean for the symmetric condition with the short 
window, more-so than for the symmetric condition with the long window. 
For the anti-symmetric condition, co-varying the jitter standard deviations caused 
predicted SRT to change by a similar amount as the difference between the best and 
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worst experimentally-measured SRTs in the NH group measured in Chapter 3. Since 
more jitter is analogous to poorer measured interaural difference sensitivity and since 
interaural difference sensitivity thresholds significantly correlated with binaural benefit 
for the anti-symmetric (but not symmetric condition) in Chapter 3, it is reasonable that 
co-varying the jitter standard deviations had more of an effect for the anti-symmetric 
condition than the symmetric condition. It also seems reasonable that another mechanism 
(the window) had more of an effect for the symmetric condition than for the anti-
symmetric condition. 
4.4.5 Effects of jitter and window for the m listener 
The effects of varying the jitter standard deviations and the window length were 
assessed for a listener with high-frequency loss to determine whether the same effects on 
performance were found for this listener in the symmetric and anti-symmetric conditions, 
as compared to for the NH listeners. One would think that similar effects of window and 
jitter would be reproduced for the HI listener, but that due to lack of audibility, the effects 
for this listener would have been smaller than for the NH listeners. 
Figure 4.8 shows that, as expected, some of the effects of jitter standard 
deviations and window for the symmetric and anti-symmetric conditions were reproduced 
in the model for the input speech levels used for one of the HI listeners, and audiograms 
of that listener. For example, the effect of window for this listener was larger for the 
symmetric condition than the effect of jitter, and the effect of jitter was larger for this 
listener in the anti-symmetric condition than the effect of window. This suggests that 
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significant correlations for the anti-symmetric but not symmetric conditions agree with 
large effects of jitter standard deviation for the anti-symmetric condition and large effects 
of window for the symmetric condition for the HI listeners, even though they do not have 
as much high-frequency audibility as the NH listeners. 
Predicted SRTs in the symmetric condition varied less with jitter for HIS than for 
the NH listeners. Predicted SRTs in the anti-symmetric condition, on the other-hand, 
varied more with jitter for HIS than they did for the NH listeners (8.6 dB difference in 
predicted SRTs from 0.25x to 4x, as compared to 7.3 dB change for the NH listeners). 
The reason for the larger effect likely has to do with the presence of the level-distortion 
factor in the SII model. When jitter standard deviation was high for predicting HIS anti-
symmetric performance, the levels of the sources, post-cancellation, were high and level-
distortion was high. When the jitter standard deviations were low, the levels of the 
sources, post-cancellation, were low and level-distortion was low. 
A /::, A • 20 ms -a • D • Q.) • 50 ms L- 0 0 • a. • • .... 200 ms I-0:: G (/) -10 
• l[) I 
-20 
0.25x 1x 4x 0.25x 1x 4x 
Jitter (relative to Durlach 1966) 
FIG. 4.8 : The effects of co-varying the jitter parameters, HIS. Symmetric predicted 
SRTs are in the left panel and anti-symmetric predicted SRTs are in the right panel. 
Circles refer to 20 ms window case, squares refer to 50 ms window condition, and 
triangles refer to 200 ms window condition. 
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4.5 Summary 
In this chapter, the short-time EC model was evaluated to assess the extent to 
which the SRTs measured in each of the experiments could be predicted by the model. 
The effects of varying certain modeling parameters on predicted SR Ts were examined. 
For both the symmetric and anti-symmetric conditions, use of the binaural channel alone 
resulted in lower predicted SRTs than the monaural channel alone. These low predicted 
SRTs for the cancellation mechanism suggest that cancellation could be an effective 
processing mechanism as used by the listeners in hopes of achieving low SRTs amid 
spatially-separated speech sentences. 
When the effects of varying the length of the EC window in the binaural channel 
was examined, predicted SRTs changed by large amounts for the symmetric condition 
but not did not change by as much for the anti-symmetric condition. Since the masker 
location with the dominant energy varies with time in the symmetric task but not in the 
anti-symmetric tasks, it is logical that the short window for the symmetric condition 
helped the model to more frequently "steer the null" and more effectively cancel the 
targets, while for the anti-symmetric condition, window length did not matter. 
Experiments need to identify long this "window" should be for human subjects. 
While experimenters have attempted to identify the duration of the "binaural temporal 
window", such experiments may or may not be appropriate to the current study. For the 
symmetric condition, listeners have to be able to rapidly respond to changes in the 
location of the dominant masker in the background while interpreting the meaning of the 
target. Since the location of the dominant masker changes from side to side in the 
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symmetric condition, the experimental task could assess how long it takes for listeners to 
localize sounds coming from new directions. Even better, the experiment would make 
the assessment for listeners performing the task in the background while interpreting the 
meaning of the target sentence. 
For the anti-symmetric condition, on the other hand, but not for the symmetric 
condition, changing the standard deviations of the jitter had a large effect on predicted 
SRT. Since high jitter standard deviation is analogous to poor interaural difference 
sensitivity, the results agree with those of Chapter 3 that interaural difference sensitivity 
is a key factor for the anti-symmetric condition but not for the symmetric condition. 
For the symmetric condition, however, even under the most optimal conditions 
allowed by the model, predicted spatial release from masking was poorer than actual 
spatial release from masking, as measured by Marrone et a!. (2008a). The results of the 
current modeling study thus agree with the assertion of Wan (2011) that the model 
predicts lack in a mechanism to account for spatial release from IM. That there was a 
large effect of whether or not the processing was independent or not in the different 
frequency bands for the two spatially-separated conditions suggests that a mechanism 
like this one might account for why some listeners perform better than others when there 
is IM, or why listeners might generally perform better in the spatially-separated 
conditions when there is less 1M than when there is more IM. 
In summary, while these modeling results suggest some similarities for the 
processing between the two spatial conditions, they suggest some highly-important 
differences. Predicted SRTs in the symmetric condition changed with window, which is 
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related to how quickly listeners can respond to changes in location of the dominant 
interferer, while predicted SRTs in the anti-symmetric condition changed more with the 
jitter standard deviations, which is more analogous to the extent to which listeners are 
sensitive to interaural differences. 
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Chapter 5: Summary and future work 
The broad-scale goal of this work was to better understand why some listeners 
(among NH and HI) performed better than others in speech intelligibility tasks amid 
spatially distributed speech maskers. To simplify the variables, we measured 
performance for the speech tasks in which all sources were monotonized to a 
fundamental-frequency of 100Hz. We studied two special cases: "symmetric" (with the 
target in front and one masker to either side) and "anti-symmetric" (target in front, both 
maskers on the same side). We also measured performance in the colocated condition 
and the spatially-separated, monaural conditions. This allowed for binaural benefit to be 
calculated. 
When we calculated the binaural benefits in NH and HI listeners, we found that 
binaural benefit significantly correlated with hearing loss in the HI group for the anti-
symmetric condition but not for the symmetric condition. As a result of the correlation 
being unique to the anti-symmetric condition, several factors were discussed in Chapter 
3, including loudness recruitment resulting in perceived level differences between the 
better-ear and poorer-ear maskers for this condition. 
It was also found that binaural benefits in the anti-symmetric condition were 
positive for all listeners except for the HI listeners with the most severe hearing losses. 
The current study was not the first to measure binaural benefits in NH or HI listeners. 
However, future experiments should measure binaural benefits for listeners with normal-
hearing and hearing-impairments in the same listeners but under a variety of speech-
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masker conditions and as a function of azimuthal angle and sensation level, to explore 
when the binaural benefits are positive and when they are negative. 
When we tested the hypothesis that binaural benefits would significantly correlate 
with interaural difference sensitivity thresholds among the NH and HI listener groups, we 
found that the binaural benefits for the anti-symmetric condition were significantly 
correlated with many interaural difference sensitivity thresholds both for the normal-
hearing listeners and for a subset of hearing-impaired listeners (with less-than severe 
losses), but not for the symmetric condition, for either group oflisteiiers. 
When we ran computational model simulations to explore the effects of changing 
different parameters on predicted SRTs for the symmetric and anti-symmetric conditions, 
we found that changing the standard deviations of the time- and intensity- jitters of the 
inputs to the EC mechanism caused predicted SRTs to change by large amounts for the 
anti-symmetric condition, compared to small amounts for the symmetric condition. This 
result agrees with significant correlations for the anti-symmetric condition and lack of 
significant correlations for the symmetric condition found in Chapter 2. 
When we changed the duration of the EC-window, large changes in predicted 
SRT were found for the symmetric condition, compared with small changes for the anti-
symmetric condition. The finding of large changes in predicted SRT for the symmetric 
condition with changes in the EC-window length suggests that a processing motivated by 
EC-window length may be important to listeners. Past experiments have attempted to 
quantify the duration of the ''binaural temporal window" by quantifying how long it takes 
for listeners to respond to changes in interaural time difference (Grantham and 
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Wightman, 1978) or interaural correlation (e.g., Grantham and Wightman, 1979; Holube 
et al., 1998). In the symmetric condition, the important aspect of the task is how the 
lateral position of dominant masker changes from one side of the head, to the other, as the 
sentence goes on. To perform the task, listeners must be able to often and quickly 
localize the positions of the better and poorer maskers, as the sentence goes on, so that 
they can perform the processing that they need to in order to interpret the target (whether 
that means comparing the target to the quieter masker, most optimally canceling the 
maskers, or most optimally changing the position of the "masks" as a function of time in 
a beam-steering mechanism). 
A new kind of measurement assessing binaural temporal window might be 
important for the symmetric condition. What this exact measurement should be is not yet 
clear. Clearly, one kind of measurement would assess how long it takes for listeners to 
lateralize sounds, which change from one side of the head to the other side of the head. 
An even better experiment would require listeners to do this kind of processing in the 
background, while reporting a target signal in the foreground. 
The extent to which these correlations generalize as a function oflevel and type of 
masker (monotonized or not, different-talker or not) should be tested. For the HI listeners 
in the symmetric condition of the current study, performance could have been poor, as 
limited by high EM. The role of high EM for the symmetric condition was discussed by 
Best et al. (2012, 2013a). It seems reasonable that EM could have been a factor 
particularly for the case in which all sources were monotonized versions of the same 
talker (resulting in high TIM overlap). The outcomes regarding correlations could have 
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been different for HI listeners could have been different if a non-monotonized masker 
(e.g., Marrone et al., 2008b) or different-pitch masker (Carr, 2010) was used for the 
symmetric condition. Carr (2010) studied the interactive benefits of pitch and space in 
NH and HI listeners, finding that for most subjects, benefits due to pitch separation of the 
target and maskers was larger for the spatially-separated conditions than for the colocated 
conditions, suggesting that pitch is an important factor. The outcomes may have also 
been different if performance thresholds were measured at higher or lower stimulus levels 
in the speech tasks 
Another factor that needs to be explored further is the role of spatial angle of the 
maskers. With respect to the symmetric task, in particular, Kidd et al. (2010) showed 
that some listeners had better spatial benefits for the smaller masker azimuths relative to 
midline, while other listeners had better spatial benefits for the larger masker azimuths, 
relative to midline. Thus suggests that the extent to which performance thresholds or 
binaural benefits correlate with interaural difference sensitivity could depend on 
azimuthal angle. 
For the anti-symmetric condition, it is difficult to ascertain whether those who 
performed the poorest did so due to poor sensitivity to lTD or poor sensitivity to ILD, as 
a result of the performances being highly correlated, for both NH and HI. In order to 
understand what kinds of deficits limited NH and HI speech intelligibility performance 
amid noise maskers, Goverts and Houtgast (2010) used a distortion-sensitivity approach. 
It would be interesting to use a distortion-sensitivity approach, but for speech maskers, to 
better figure out which kinds of deficits might affect speech intelligibility performance 
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amid speech maskers for HI listeners. Another approach which could be taken is seeing 
how much individual HI listeners benefit from the imposition of ITDs only or ILDs only 
(an approach taken by for noise maskers by Bronkhorst and Plomp, 1988, Bronkhorst and 
Plomp, 1989 and noise and non-monotonized speech maskers by Culling et al., 2004) for 
the monotonized same-talker speech tasks. The idea would be to see if those with the 
best lTD and ILD JNDs are those who benefit the most from imposed ITDs or ILDs for 
the speech tasks. 
It is interesting that the lTD and ILD thresholds were highly-correlated, for both 
the NH listeners and HI listeners. More attention needs to be given in determining why 
the interaural difference thresholds were highly-correlated, to better tease apart whether 
the performances were correlated due to differences in subject attentiveness or whether 
they were correlated due to impairments for some listeners in the binaural processing. 
Furthermore, it would help to somehow be able to isolate the cause of the impairments. 
As a starting point, it would help to record performance in the same listeners with respect 
to an lTD "centering" paradigm (Hawley, 2000), to see if the same listeners with poorer 
lTD sensitivity also do a poorer job in centering the image. If the same listeners 
performed poorly in both kinds of tasks, it would validate that the driving factor for 
performance is related to the "cue", rather than related to the task. 
When we examined the scatter plots between interaura1 difference sensitivity 
thresholds and binaural benefits, the trend-lines tended to differ between the NH listeners 
and the HI listeners (Fig. 3.11 ). Among those NH and HI listeners with the best 
interaural difference sensitivity thresholds, binaural benefits in the anti-symmetric 
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condition were clearly higher for the NH listeners than for the HI listeners. In parallel to 
this observation, a lack of significant difference for the median was found between the 
two group performances in the interaural difference sensitivity tasks (except for in 4-kHz 
lTD), significant differences in the medians for the two groups was found for both the 
symmetric and anti-symmetric speech tasks. There are multiple possible explanations for 
this apparent effect of some HI listeners performing more poorly than the NH listeners in 
the speech intelligibility tasks with spatially-separated speech maskers, then expected 
based on interaural difference sensitivity thresholds. A first possible factor is that the NH 
listeners benefited from being tested at higher sensation levels compared to the HI 
listeners. A second is that the NH listeners had better audibility in the high-frequency 
regions of the speech spectrum, which would have given them access to high-frequency 
ILDs which would not have been heard by the HI listeners. A third possibility is that 
energetic-masking related factors are involved (e.g., Marrone et al. , 2008b, Best et al., 
2012), limiting performance for the HI listeners. To start in addressing these hypotheses, 
one might low-pass filter the different speech waveforms and present the sentences to NH 
listeners, to see how they perform when the proportion of the audible spectrum is similar 
to that of the HI listeners. Kidd et al. (2010) found average spatial release from masking 
in the full-spectrum different-talker masker condition was about 12 dB, compared to 7 
dB, 5 dB, and 5 dB for the different-talker masker conditions in which the 0-1.5 kHz, 1.5-
3 kHz and 3-6 kHz parts of the spectra of each of the sources was retained. Since spatial 
release from masking was 7 dB for the 0-1.5 kHz compared to 12 dB for the full 
spectrum, spatial release from masking would be somewhere between 7 and 12 dB for 
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the 0- to 2.5 or 3kHz condition (to roughly match to the audible portion of the spectra for 
the HI listeners). If spatial release for this condition is less than 12 dB, then audibility 
would be confirmed as one of the factors explaining the difference in group 
performances. One also might go about seeing how normal-hearing listeners perform as 
a function of sensation-level, or go about simulating hearing loss in normal-hearing 
listeners. 
An interesting special case in terms of comparing SR Ts to interaural difference 
sensitivity thresholds is HI9, who was the oldest listener in the study. This subject had a 
severe loss, very good interaural difference sensitivity and poor binaural benefits 
(compared to what was expected, based on hearing loss) in both the symmetric and anti-
symmetric conditions. The different performance thresholds for this, special-case 
listener, suggest that perhaps listeners with hearing-impairments, and even those with 
normal audiograms, may suffer in speech intelligibility amid spatial separated speech 
maskers through impaired higher-level, cognitive processing-related factors. It would be 
interesting to study performance in a group of older normal-hearing and hearing-impaired 
listeners in the same tasks as measured in the current study, to see how performances 
compare in both kinds of tasks to the performances measured for listeners of the current 
study. 
When we simulated performance using the STEC, it was found that constraining 
the processing across frequency affected predicted SRTs in both the symmetric and anti-
symmetric conditions. The question of whether processing is independent in different 
frequency-bands also needs to be explored further, as a function of experimental 
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condition. Experiments like those conducted by Edmonds and Culling (2005, 2006) need 
to be carried out under conditions in which IM is high. Also, such experiments need to 
be carried out with HI listeners. Furthermore, such experiments need to be carried out 
with respect to ILD processing to see if it is independent across frequency. The effects 
of constraining processing across frequency should be studied more, from a 
computational point-of-view to produce models which are more realistic, for both NH 
and HI listeners. Finally, relevant to the discussion of the effect of the number of 
channels in the model (explored in Chapter 4) is contralateral interference. Results of 
several studies (e.g., Brungart and Simpson, 2002; Gallun et al., 2007; Brungart and 
Simpson, 2007; Shub et al., 2008) suggest that it is not valid to consider the case of two 
monaural channels and one binaural channel, all as independent channels, especially for 
more difficult experimental tasks. Future versions of the model could incorporate factors 
related to contralateral interference, to better predict the measured SRTs. The amount of 
contralateral interference could be especially high when IM is high. 
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Appendix: Brief characterization of stimulus fluctuations in 
symmetric condition 
The lack of correlations found between SRTs for the symmetric condition and 
interaural difference sensitivity thresholds described in Chapter 3 brings up the question 
of what factors are important for the symmetric condition. As shown in Chapter 4, 
predicted SRT improved systematically as EC window length was decreased from 200 to 
10 ms. In this appendix, we investigate whether monitoring the "better ear" allows for 
improvement. The longest window considered (200 ms) can comprise several phonemes 
or a short word, so that a long-term "better-ear" (such as in asymmetric placement of 
sources) is necessary for benefit from this window. The shorter windows (20 ms and 10 
ms) are generally shorter than one phoneme, so glimpses of the phoneme are possible, 
even when there is no long-term "better-ear. 
In Fig. A.1., the amplitude envelopes for the target and masker speech sentences 
are plotted as a function of time. Since "masker 1" came from the left, and since 
"Masker 2" came from the right, the dominant masking energy from the left was from 
"Masker 1 ", and the dominant masking energy from the right was from "Masker 2". 
It was of interest to characterize the times at which Masker 1 (left) was dominant 
masker as compared to the times at which Masker 2 (right) was dominant. In Fig. A.2., 
the dominant masker was denoted as a function of time, for three different 10 ms time 
sections of the waveforms. The average time interval for which masker 1 was dominant 
was calculated to be only 7.5 ms. In light of this, it is unsurprising that small 
improvements for the model were found for a short window of 10 ms, as compared with 
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the 20 ms window condition. In future work, we plan to explore histograms for these 
stimuli with different criterion (one sample or more) for how long the dominant stimulus 
has to stay on one side, in order for the interval to count. 
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FIG. A.l: Amplitudes ofthe envelopes (unitless) ofthe target and individual masker 
waveforms (Symm Ml and Symm M2) as a function of time for the symmetric 
condition. Envelope of example target sentence at left ear and at right ear plotted as 
a function of time in the upper panel. Envelope of Masker Sentence 1 (Symm Ml) 
at left ear and at right ear plotted in the middle panel. Envelope of Masker sentence 
2 (Symm M2) at left ear and right ear plotted in lower panel. 
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FIG. A.2: Changes in the better-ear masker as a function of sample for a short segment 
segment of the symmetric condition speech sentence. "Masker 1" is denoted as 
"Ml ", and "Masker 2" is denoted as "M2". 
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